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Electrochemical assessment of the condition of the steel reinforced concrete structures is 
being carried out increasingly and more regularly, both in the laboratory and in the field.  It is 
important to have enough information about the factors that may affect these measurements.  In 
this way, results obtained from different tests can be interpreted in more reliable manner and the 
condition of the embedded reinforcing steel bars in concrete structures can be evaluated with 
more confidence.  The main goals of this project were: 
 
• to determine the causes of the errors in electrochemical measurements that may 
mislead the researchers,  
• to determine factors that may affect the measurements,  
• to attempt to manifest better interpretation of the results, 
• to avoid the problematic pitfalls and overcome them as much as possible.  
   
To this end, two types of concrete specimens were prepared for performing gravimetric 
and electrochemical tests: beams with four pre-weighed sections of rebars, and prisms with a 
single rebar and with different variables (cracked in two directions, carbonated and different 
cover depth). These have been exposed to de-icing salt for more than 2.5 years. The condition of 
the rebar in the beams and prisms was evaluated over this period by (i) half-cell potential 
measurements, (ii) galvanostatic pulse measurements (using the GalvaPulse™ and the 
potentiostat), (iii) potentiostatic linear polarisation resistance measurements (LPR), (iv) 
electrochemical impedance spectroscopy (EIS) and (v) potentiodynamic cyclic polarisation. 
 iv 
Also, specimens were prepared to determine the amount of required time for steel to passivate 
itself in pore solution and mortar.   
Results from corrosion measurements in the laboratory show that: 
 
• Steel bar in mortar and pore solution needs time for passivation:  about 7 days for 
steel embedded in mortar and about 3 days for steel in simulated pore solution.   
• Data from gravimetric tests were compared with the values calculated from 
electrochemical tests and results show that, in the laboratory condition, values 
obtained from potentiostatic LPR technique are more realistic and closer the 
actual mass loss than those obtained by galvanostatic techniques.   
• It was observed that, in most cases, when the steel bars were corroding actively, 
the half-cell potential values were more negative than -350 mV vs. CSE, in 
agreement with ASTM guidelines. 
• When performing the half-cell potential measurements, it was found that it is 
essential provide sufficient time after wetting the surface to allow the potential to 
stabilise.  A minimum of about 15-20 minutes was found to be required.   
• One of the most informative electrochemical tests is the cyclic polarisation 
technique. The half-cell potential, corrosion rate, susceptibility to pitting, severity 
of corrosion, protecting potential, concentration limitations and, with appropriate 
procedures, Tafel constants, can be obtained by this technique.  However, it is 
essential to choose the appropriate scan rate for the particular system, otherwise 
the achieved data mislead the researcher.  The appropriate scan rate can be 
determined by using the Bode plot obtained from the EIS experiment.   
 v 
• To measure the concrete resistance, the galvanostatic pulse technique and EIS are 
suggested.  Wenner four probe technique measures only the surface resistance and 
is, therefore, very dependant on the surface condition and is not recommended. 
• The guard ring in the GalvaPulse™ instrument which is designed to limit the 
polarised area was found to be working in reverse and, in fact, it polarises the 
steel even more than when it is not used.  It is recommended that the guard ring 
electrode not be used during the measurements.   
• Another limitation of the GalvaPulse™ is its lack of capability to measure the 
high corrosion rates.   
• It was found that the GalvaPulse™ pulse generator unit must be calibrated every 
month, or before each measurement, which ever is longer period. 
 
In addition to the experiments in the laboratory, four locations were chosen for field 
measurements in collaboration with the Ministry of Transportation of Ontario.   These 
measurements show that: 
 
• The half-cell potential of galvanised steel in much more negative than that in the 
black steel.  This emphasises the importance that the ASTM C876 recommended 
guideline should not be used for other types of reinforcing bars.   
• It is recommended that half-cell potential contour map rather than the absolute 
values of potential be used for condition analysis.  However, it is found that these 
maps are not constant varying with time and ambient conditions.  Based on this 
experience, it is recommended that half-cell potential measurements be made 
 vi 
exactly at the same time and date in different years.  The results might be closer 
and more readily interpretable.   
• The measured half cell potential is a function, not only of the state of corrosion, 
but also of environmental factors. The temperature and relative humidity of both 
the atmosphere and inside the concrete play a role.  The permittivity of concrete is 
dependent on all these factors and needs to be taken into account.   
• To measure the corrosion current density in the field, galvanostatic and 
galvanodynamic LPR and galvanodynamic polarisation can be used.  The 
potentiostatic LPR, potentiodynamic LPR and EIS techniques appear to be limited 
by the size of full-scale structures and are also very sensitive to extraneous 
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CHAPTER 1, INTRODUCTION 
 
Low cost, readily available raw materials and ease of forming at ambient temperatures 
make steel reinforced concrete the most widely used structural material. Concrete provides 
corrosion resistance to the steel reinforcement physically, by acting as a barrier and chemically, 
due to its high pH.  However, reinforcing steel does corrode.  The two most common causes of 
reinforcement corrosion are localised breakdown of the passive film on the steel by chloride ions 
and general breakdown of passivity due to neutralization of the concrete by reaction with 
atmospheric carbon dioxide.  Corrosion of reinforcing steel in concrete is a serious problem from 
the point of view of both safety and economy.  Therefore, it is essential to have reliable 
measurement techniques to evaluate the corrosion condition of the steel bars in the reinforcing 
concrete. 
The half cell potential measurement technique is the most widely non-destructive method 
of evaluating the corrosion activity of embedded reinforcement.  In 1980, the test was approved 
as a standard by ASTM: C 876 Standard Test Method for Half-Cell Potentials of Uncoated 
Reinforcing Steel in Concrete” and was modified in 1987 [1].  Potentiostatic and 
potentiodynamic polarisation techniques, galvanostatic and galvanodynamic polarisation 
methods and electrochemical impedance spectroscopy are the mostly commonly measuring 
techniques, mostly used in the laboratory, to identify the corrosion behaviour of steel rebars.  
However, each of these techniques needs specific requirements, such as the appropriate applied 
current or potential, the appropriate scan rate, frequency range and polarised area.  If any of these 




The aim of this project was to determine the factors that influence the electrochemical 
measurements (half-cell potential and corrosion current density) of the condition of the steel bars 
in reinforced concrete structures. 
For this purpose, reinforced concrete specimens were cast and exposed to salt solution 
and the effect of cover-depth, carbonation depth, and distance of the electrodes from the surface 
of the steel bar on the corrosion measurement was investigated by different electrochemical 
techniques.  Also, instrument variability and electrochemical techniques were evaluated and their 
limitations, advantages and disadvantages were determined.  The effectiveness of a guard ring, in 
the instrument with guard electrode, in limiting the polarised length of the steel bar is the other 
issue which has been studied.   
In addition to the laboratory experiments, measurements were performed in the field, 
with the assistant of the Ministry of Transportation of Ontario (MTO) staff, and attempts were 
made to find a correlation between the results obtained from the laboratory measurements and 
those obtained from the field measurement.  The advantages, difficulties and limitations of each 
electrochemical technique in the field, were also determined. 
 
3 
CHAPTER 2, LITERATURE REVIEW 
2.1. CONCRETE 
 
Concrete is a composite material which consists primarily of three main components: 
cement, aggregates (coarse and fine) and water.  It is the most widely used structural material 
because of its low cost, readily available raw materials and ease of forming at ambient 
temperatures.  Most of the cements used in making concrete are Ordinary Portland Cement 
(OPC). 
 
2.1.1. Ordinary Portland Cement (OPC) concrete 
 
Portland cements are hydraulic cements containing calcium silicates that set and harden 
by a chemical reaction with water (hydration).  The process of cement manufacturing starts by 
grinding the raw materials, which basically are: lime, silica, alumina and iron oxide, mixing them 
in certain proportions and burning them in a rotary kiln at a temperature of about 1450oC.  This 
results in the formation of clinker.  Clinker is cooled, ground to fine powder and, by adding some 
gypsum (CaSO4.2H2O), the resulting product is the commercial OPC.  The four major 
components of cement are: tricalcium silicate (3CaO.SiO2 or C3S), dicalcium silicate 
(2CaO.SiO2 or C2S), tricalcium aluminate (3CaO.Al2O3 or C3A) and tetracalcium aluminoferrite 
(4CaO.Al2O3.Fe2O3 or C4AF) (Table 2.1)1.  Gypsum is added to cement to provide sulphate to 
                                               
1 The calculation of the potential composition of Portland cement is based on work on R. H. Bogue and is often 
referred to as Bogue composition  
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react with C3A, without which, cement would set rapidly (flash set).  In addition to the main 
components, the minor components of cement include MgO, TiO2, Mn2O3, K2O and Na2O 
(Table 2.2).  Their amounts are usually not more than a few percent of the cement weight.  It 
should be mentioned that the term of ‘minor components’ refers to their quantity not necessarily 
to their importance [1-3]. 
Table 2. 1. Bogue composition of normal Portland cement clinkers [1]. 






Table 2. 2. Approximate chemical composition limits of Portland cement [3]. 









Different types of Portland cement cab be used based on the chemical and physical exposure 
conditions.  Table 2.3 shows the different types of Portland cement and their Bogue composition. 
 
Table 2. 3.  Applications and potential compound composition of commonly used cements [4]. 
Potential compound 
composition (mean), wt % Type of Portland cement Application C3S C2S C3A C4AF 
10 (Normal) General use 54 18 10 8 
20 (Moderate) Moderate sulphate attack, early formwork removal 55 19 6 11 
30 (High strength) Shorter curing time 55 17 9 8 
40 (Low-heat of 
hydration) Massive concrete structures 42 32 4 15 
50 (Sulphate 




2.1.2. Hydration of cement 
 
The chemical reaction between cement and water is called hydration.  In this process, the 
two calcium silicates, C3S and C2S, which constitute about 75% of the mass of Portland cement, 
react with water and form calcium silicate hydrate (C-S-H) and calcium hydroxide (CH). 
Hydrated Portland cement contains about 50% C-S-H and 15% to 25% CH.  The strength of 
hydrated cement is due to  C-S-H while CH controls the pH of the pore solution.  The added 
gypsum reacts with C3A and forms ettringite.  In addition to controlling the setting time, the 
sulphate also helps control the drying shrinkage and can influence strength [5].  Table 2.4, shows 
the summary of the hydration reactions of Portland cement. 
 
Table 2. 4. Portland cement compound hydration reaction [5]. 
2C3S + 11H2O                          = C-S-H + CH 
2C2S + 9 H2O                          = C-S-H + CH 
C3A + 3 CaO.SO3.2 H2O 
   (Gypsum) 
+ 26 H2O = 6CaO.Al2O3.3SO3.32 H2O 
    (Ettringite) 
2C3A + Ettringite + 4 H2O = 3 (4Cao.Al2O3.SO3.12H2O) 
   (Calcium Monosulphoaluminate) 
C3A + CH + 12 H2O = 4CaO.Al2O3.13H2O 
   (Tetracalcium aluminate hydrate) 
C4AF + 10 H2O + CH = 6CaO.Al2O3.Fe2O3.12H2O 
   (Calcium aluminoferrite hydrate 
 
 
Figure 2.1 shows the relative volume of the major compounds in the hydrated Portland cement 












Figure 2. 1. Relative volume of the major compounds in the microstructure of hydrating Portland cement paste (left) 
as a function of time ands (right) as a function of the degree of hydration for w/c=0.5 [6, 7]. 
 
As shown in Table 2.4, one of the of hydration reactions is calcium hydroxide (CH).  Some of 
CH reacts with sodium and potassium salts (minor components in Table 2.2) and forms very 
soluble potassium and sodium hydroxide. 
 
Na2SO4 + Ca(OH)2 → CaSO4 + 2NaOH             eq. 2. 1  
K2SO4 + Ca(OH)2 → CaSO4 + 2KOH             eq. 2. 2 
 
These hydroxide compounds (potassium, sodium and calcium hydroxide) are found in the 
solution in the pores in the cement paste phase of the concrete, commonly called pore solution, 
and they are responsible for high alkaline environment in concrete.  Table 2.5 shows the typical 







Table 2. 5. Typical composition of pore solution from concrete made of OPC (w/c=0.5) [8]. 






pH (calculated) 13.9 
 
2.1.3. Curing of concrete 
 
In order to obtain a good quality concrete, it should be cured in suitable environment 
during the early stages of hardening.  Curing describes the procedures used to help the hydration 
of cement.  It consists of controlling the temperature and the moisture movement from and into 
the concrete.  The objective of curing is to keep concrete saturated or as nearly saturated as 
possible. It helps the originally water-filled space in the fresh cement paste to be filled out to the 
appropriate extent by the products of hydration of cement [3].  The hydration of cement occurs in 
capillaries which are filled with water. By evaporation of this water, the hydration rate would be 
decreased or stopped. Therefore, in fresh concrete while the hydration process is in its early 
stage, this evaporation should be prevented.  In addition, during hydration, some internal water 
would be consumed and should be replaced from outside.  So, better curing means more 
hydration reaction and this gives higher strength to the concrete.  Figure 2.7 shows the influence 















Figure 2. 2. Influence of moist curing on the strength of concrete with a water/cement ration of 0.5 [9]. 
 
2.2. CORROSION OF STEEL IN CONCRETE 
 
Concrete gives corrosion resistance to steel reinforcement because it provides both a 
physical barrier and chemical protection.  Steel is thermodynamically unstable in atmosphere and 
tends to revert to a lower energy state such as an oxide or hydroxide by reaction with oxygen and 
water.  Concrete that is not exposed to any external influences usually has a pH between 12.5 
and 13.5 [10].  As shown in the Pourbaix diagram (Figure 2.3), which defines the range of 
electrochemical potential and pH, for H2O-Fe system in the alkaline environment and at the 
potentials normally existing in the concrete, a protective passive layer forms on the surface of 
steel.  This layer is an ultra-thin (<10nm), protective oxide or hydroxide film that decreases the 
anodic dissolution rate to negligible levels [11-14].  Formation of passive film on iron begins 
with dissolution of the metal which produces electrons and the reduction of oxygen that uses 
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those electrons.  The ferrous ions from the anodic dissolution of iron are attracted to the cathodic 
part of the steel and combined with hydroxide ions from the cathodic reaction of oxygen and 
form the ferrous hydroxide.  If this film exposed to the oxygen, other passive oxide layers such 
as Fe3O4 or Fe2O3 may form on the outer surface of the film.  Therefore, the passive film can be 












Figure 2. 3. Pourbaix diagram for Fe-H2O at 25oC [18]. 
 
The protective nature of this layer can be reduced and the result would be active corrosion of 
steel in concrete. Chloride ions, mostly from de-icing salts or seawater, and carbon dioxide, from 
atmosphere, are two major factors that can break the passive film on the surface of steel and 
initiate corrosion and the mechanism will be discussed in the next sections.  Insufficient oxygen 
to preserve the passive film, galvanic cell formation from the contact of different metals and 
pH and potential 




stray currents are the other factors that may cause active corrosion in reinforcing steel structures 
which are not discussed in this literature review. 
 
2.2.1. Reinforcing steel passivation time 
 
As mentioned in Table 2.5, Portland cement concrete pore solution mainly consists of 
saturated Ca(OH)2 (pH=12.6), but presence of NaOH and KOH increases the pH to more than 
13.  Under normal field conditions, in which reinforcing steel is embedded in the concrete for 
many years before chlorides penetrate the cover, this high alkalinity allows the steel to develop a 
stable passive film.  In laboratory studies, however, the steel is not generally given much time to 
passivate.  Indeed, there are many studies in which steel is embedded in concrete with admixed 
chlorides or exposed to synthetic pores solution containing chlorides and, therefore, never has a 
chance to passivate.   While, there are many studies concerning the nature and the composition of 
the passive film in pore solution and concrete [17, 19], there does not appear to have been any 
investigation of the time required for steel to be passivated in concrete or in pore solution.  This 
is particularly critical when the study is being done in pore solution and there is an increasing 
tendency for such studies in order to obtain results in shorter period of time.  In a number of 
these studies, [20-23] it appears that insufficient time was provided for passivation before the 
steel was exposed to chlorides and, in some case the chloride was added to the pore solution at 
the beginning of the experiment.  Because of these unrealistic conditions, the application of such 
results, for example, to the prediction of the corrosion behaviour of steel in structures may be 
misleading.  Therefore, the time required for deformed black steel reinforcing bar to be 
passivated in mortar and in synthetic pore solution has been determined.  The passivation time 
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was measured for specimens in the as-received condition (with the mill scale intact) and 
specimens of the same bar after removal of the mill scale by sandblasting.  Potentiostatic LPR 
and half-cell potential techniques were used to determine the time required for passivation.  The 
surface condition of the steel bars, after immersion in pore solution, was studied by Raman 
spectroscopy.  Results are given in Chapter 4. 
 
2.2.1.1. Raman spectroscopy 
 
Raman scattering is a powerful light scattering technique used to identify the internal 
structure of molecules and crystals.  This technique is based on Raman effect named for Sir 
Chandrasekhara Venkata Raman, who discovered it in 1928 [24].  When light is scattered from a 
molecule most photons are elastically scattered. The scattered photons have the same energy 
(frequency) and, therefore, wavelength, as the incident photons. However, a small fraction of 
light is scattered at optical frequencies different from the frequency of the incident photons. This 
is called the Raman effect.  The difference in energy between the incident photon and the Raman 
scattered photon, which is called the Raman shift, is equal to the energy of a vibration of the 
scattering molecule or crystal. A plot of intensity of scattered light versus energy difference is a 
Raman spectrum.  Typically, a sample is illuminated with a laser beam.  Light from the 
illuminated spot is collected with a lens and sent through a monochromator. Wavelengths close 
to the laser line are filtered out and those in a certain spectral window away from the laser line 





2.2.2. Chloride induced corrosion 
 
Chloride ions can be present in the concrete due to the use of chloride contaminated 
components or the use of CaCl2 as an accelerator when mixing the concrete, or by diffusion into 
the concrete from the outside environment [25].  Use of de-icing salts during the winter time is 
the largest source of chlorides in Ontario.   
A localised breakdown of the passive layer occurs when sufficient amount of chlorides 
reach reinforcing bars, and the corrosion process is then initiated.  Chlorides in concrete can be 
either dissolved in the pore solution (free chlorides) or chemically and physically bound to the 
cement hydrates and their surfaces (bound chlorides).  Only the free chlorides dissolved in the 
pore solution are responsible for initiating the process of corrosion [26]. 
There are three theories about the chloride attack [27]: 
 
1. Penetration of chloride ions to the oxide film on steel through pores or defects in the film 
is easer than the penetration of other ions. 
2. Chloride ions are adsorbed on the metal surface in competition with dissolved O2 or 
hydroxyl ions. 
3. Chloride ions compete with hydroxyl ions for the ferrous ions produced by corrosion and 
a soluble complex of iron chloride forms which can diffuse away from the anode, 





2.2.2. Carbonation induced corrosion 
 
When concrete is exposed to air, the calcium hydroxide reacts with water and carbon 
dioxide in the air:  
 
Ca(OH)2 + CO2 → CaCO3 + H2O                                                               eq. 2. 3 
 
The effect of carbonation is to reduce the pH value of the surface layer of the concrete to less 
that 8.3.  This pH is sufficient to make the passive layer on the reinforcement rebar, unstable 
[28].  The process of carbonation can be summarised in the following steps: 
 
1. CO2 diffuses into concrete. 
2. In the presence of moisture, it reacts with CH (Calcium Hydroxide). 
3. The pH decreases from about 12.6 to 8.3. 
4. In this pH, steel is not passive. 
 
2.2.2.1. Carbonation depth measurement 
 
Carbonation depth is the average distance, from the surface of concrete or mortar where 
the carbon dioxide has reduced the alkalinity of the hydrated cement [29].  Depending on the 
concrete quality and curing condition, the carbonation depth is different.  The depth of 
carbonation can be determined by different techniques.  Microscopic observation of CaCO3, 
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which is the main chemical product of carbonation, in one of the techniques that can be used for 
this purpose [30].  As mentioned before, carbonation reduces the pH, therefore examination the 
internal pH of concrete by applying pH sensitive liquid indicators such as phenolphthalein to a 
freshly fractured or freshly cut surface of concrete can be used to estimate the depth of 
carbonation.  Upon application of phenolphthalein, noncarbonated areas turn red or purple while 
carbonated areas remain colourless.  Maximum colour change to deep purplish red occurs at pH 
of 9.8 or higher.  Below 9.8 the colour may be pink and at pH of 8, colourless [31].  The 
Rainbow Indicator® [32] is a combination of specific chemicals which produce a range of colour 
based on the different pH when sprayed on a freshly broken concrete surface [33].  The 
manufacturer reported the following colours and detectable pH values as followings: 
 






Violet to black 13 
 
2.2.3. The influence of concrete parameters on rebar corrosion 
             
 As described, chloride ions or carbon dioxide penetrate the concrete cover depth 
to reach the surface of the reinforcing steel by a number of mechanisms.  The surface of the 
concrete may be dry, allowing the dissolved chlorides or carbon dioxide to be absorbed by 
capillary action together with moisture through the interconnected pores in the cement paste.  At 
deeper levels, concrete rarely dries out in the atmosphere [34] and so continued penetration of 
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the aggressive ions is by diffusion through the pores, which is a much slower process than 
absorption.      
Porosity in cement paste consists of capillary pores, gel pores and calcium silicate 
hydrate (C-S-H) interlayers [35]. Capillary pores are the remains of originally water-containing 
spaces between cement particles that have not been filled up by products of hydration [36]. They 
are the largest (diameter > 5 nm [37]), and their number and interconnectivity control the ingress 
of chloride ions, carbon dioxide, oxygen and moisture into concrete [38]. Gel pores and 
interlayer spaces are believed to be too small and disconnected to contribute to transport.  Two 
factors that significantly influence capillary porosity in concrete are the water to binder (w/b) 
ratio [39] and the use of supplementary cementing materials (SCMs) [40].  Theoretically, a w/b 
ratio of 0.42 is required for the complete hydration of cement.  However, hydration is a gradual 
process and the unused mixing water is retained in the capillary pores [41].  Higher w/b ratios, 
traditionally used to give a workable mixture, increase the amount and interconnectivity of 
capillary porosity in the cement paste allowing greater diffusion.  With the advent of high range 
water reducing agents, much lower w/b ratios are now possible and significantly limit the 
penetration of chloride ions and carbon dioxide.  
There other factors that can affect the diffusion of the chloride ions and carbon dioxide 
[31]: 
 
• Inadequate cover provides shorter path for diffusion and is regularly associated 
with areas of high corrosion risk due to both carbonation and chloride ingress. 
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• Age of concrete is the other factor that affects the diffusion of aggressive ions.  
By passing time, the curing process continues and the diffusion becomes harder.  
In addition to that, diffusion is the function of time and its rate decrease with time. 
• Curing is the other parameter that changes the diffusion of chloride ions and 
carbon dioxide into the concrete [42, 43].  Better curing causes lower 
permeability, better hydration, more CH and consequently, less carbonation and 
chloride diffusion. 
• Temperature and relative humidity are the other factors that can affect diffusion of 
aggressive species into concrete [44-47].  Diffusion is a function of temperature.  
For carbonation, there is critical point which allows evaporation of the water, 
released by carbonation reactions, but does not dry out the concrete enough to 
stop the reaction.  Relative humidity [48], wind and direction of sunlight, and the 
type environment (e.g. pollutant and costal regions) are the other effective factors. 
 
2.2.4. Mechanism of corrosion in reinforced concrete 
 
Corrosion is an electrochemical reaction which consists of anodic and cathodic half-cell 
reactions.  Micro-cell corrosion is the term given to the situation where active dissolution and the 
corresponding cathodic half-cell reaction take place at adjacent parts of the same metal part.  For 
a steel reinforcing bar (rebar) in concrete, this process always occurs in practice. The surface of 
the corroding steel can act as a mixed electrode containing both anode and cathode regions 
which are connected by the bulk steel.  Macro-cells corrosion can also form on a single bar 
exposed to different environments within the concrete or where part of the bar extends outside 
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the concrete.  In both cases, concrete pore solution functions as an electrolyte.  Figure 2.4 shows 








Figure 2. 4. Schematic illustration of the corrosion of reinforcement steel in concrete [49] 
 
For steel embedded in concrete, based on the pH of the concrete (electrolyte) and presence of 
aggressive ions, the following would be the possible anodic reactions [10, 49]: 
3Fe + 4H2O → Fe3O4 + 8H+ + 8e-               eq. 2. 4 
2Fe + 3H2O → Fe2O3 + 6H+ + 6e-               eq. 2. 5                                                                              
Fe + 2H2O → HFeO2- + 3H+ + 2e-               eq. 2. 6                                                                            
Fe → Fe2+ +2e-                 eq. 2. 7                                                                                                         
The possible cathodic reactions depend on the availability of O2 and on the pH near the 
steel surface. The most likely reactions are as follows [10, 49]: 
2H2O + O2 + 4e- → 4OH-                            eq. 2. 8 
2H2O + 2e- → H2 + 2OH-                          eq. 2. 9 
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The corrosion products occupy a greater volume than the steel itself, and this causes an 
internal expansion and stress. The stress can destroy the concrete and expose the steel to more 
aggressive factors. Figure 2.5 shows a schematic illustration of a damaged concrete by corrosion 








Figure 2. 5. Schematic diagram showing spalling of concrete due to corrosion damage [50]. 
 
 
2.3. CORROSION EVALUATION TECHNIQUES 
 
As mentioned, corrosion consists of electrochemical reactions at the interface between 
the metal and an electrolyte solution.  During the anodic reaction, a metal is oxidised and 
releases electrons.  These electrons are consumed by the cathodic reaction in which the reduction 
occurs.  By equating these two reactions, a corrosion current, Icorr, which is the absolute value of 
corrosion rate, and half-cell potential (also called corrosion potential or open circuit potential), 
Ecorr, which is the probability of corrosion, can be found. 
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Ecorr is equivalent to the voltage of a cell or battery versus a reference electrode under no-
load conditions and can be measured with a high impedance voltmeter or potentiometer [51, 52]. 
However, Icorr cannot be measured directly but it can be estimated by using 
electrochemical techniques while Ecorr must be determined as the potential difference between 
that of the metal surface and a reference electrode. 
As mentioned, corrosion occurs via electrochemical reactions.  Therefore, 
electrochemical techniques are ideal for the study of the corrosion processes.  Usually, in 
electrochemical measurements, a cell consists of a working electrode (the corroding metal), a 
counter electrode, a reference electrode and electrolyte.  All of the electrodes are connected to a 
potentiostat (Appendix A) which allows the potential of the metal to be changed in a controlled 
manner and the resultant current flow to be measured as a function of potential.  This changing 
of the potential is called “polarisation”.  When the polarisation is done potentiostatically 
(controlled by potential), the current is measured, and when it is done galvanostatically 
(controlled by current), the potential is measured [53-55]. 
 
2.3.1. Half-cell potential technique 
 
The half-cell potential technique is the most widely used technique of corrosion 
measurement of the steel rebars in concrete.  It was introduced in the 1970s by Richard F. 
Stratfull in North America and by the Danish Corrosion Centre in Europe [56-58] .  In 1980, the 
test was approved as a standard by ASTM: C 876 “Standard Test Method for Half-cell Potentials 
of Uncoated Reinforcing Steel in Concrete”.  This technique is based on measuring the 
electrochemical potential of the steel rebar with respect to a standard reference electrode placed 
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on the surface of the concrete and can provide an indication of the corrosion risk of the steel.  
The suggested reference electrode by ASTM is a copper/copper sulphate electrode (CSE).  A wet 
sponge should be placed between the electrode and the concrete to provide a low electrical 
resistance i.e. good contact between the electrode and the concrete.  Figure 2.6, shows the basics 










Figure 2. 6. Apparatus for half-cell potential method described in ASTM C 876 to measure surface potential 
associated with corrosion current. 
According to the ASTM Standard, the recommended guidelines for interpretation are as 
follows: 
Table 2. 7. Probability of corrosion according to half-cell potential reading [59]. 
Half-cell potential reading vs. Cu/CuSO4 Corrosion activity 
More positive than -200 mV 90% probability of no corrosion 
Between -200 and -350 mV An increase probability of corrosion 
More negative than -350 mV 90% probability of corrosion 
 
The most common way of presenting the half-cell potential data is plotting the potential 














Figure 2. 7. Half-cell potential contour map, measured by CSE; Lower Elk Creek Bridge #2531, British Columbia 
[60]. 
 
2.3.1.1. Interpretation difficulties with half-cell potential technique 
 
Since half-cell potential value is defined as the thermodynamic measure of the ease of 
removing electrons from the metal in steady state condition, it can not be used as direct 
measurement of corrosion rate.  It should be noted that half-cell potential is the probability of 
corrosion activity while icorr is the direct measurement of corrosion rate. 
The measured half-cell potentials can be affected by several factors which should be 
considered in their interpretation. 
Steel in concrete has active-passive corrosion behaviour.  Figure 2.8 shows typical active-
passive corrosion behaviour [54]. The half-cell potential, Ecorr, and corrosion current density, icorr, 
are the values of potential and current at the intersections of the anodic and cathodic reaction 
-200 to -349 








lines.  Figure 2.9 shows experimental curves obtained potentiostatically for steel in OPC [10].  It 
should be noted that the curves in Figure 2.9 are the net current density which is inet = ianodic – 
icathodic in the anodic part and inet = icathodic – ianodic in the cathodic part. 
This means that, at more negative potentials, the corrosion rate which is measured by 
corrosion current density is high and increases with potential in the active state.  At potential 
more positive than a certain value (primary passive potential, Epp) the passive film becomes 
stable and the corrosion rate falls to very low values in the passive state.  By increasing the 
potential further to more positive vales, the passive film eventually breaks down and the anodic 

























































Figure 2. 9. Experimental potentiostatic polarisation curves for steel in OPC mortar (w/c = 0.5) at 22 oC.  Curve (a) 




In concrete, the anodic reaction is oxidation of iron, eqs. 2.4 to 2.7, and the cathodic 
reaction is normally reduction of oxygen, eq. 2.8.  These two reaction rates must be equal and 
where the cathodic and anodic lines intersect in Figure 2.8 and 2.10, gives the value of half-cell 
potential and corrosion current.  The following circumstances may occur in concrete: 
 
1. When the steel is in its passive state, Figure 2.10(a), the corrosion current is low and the 
half-cell potential more positive.   
2. If the passive film breaks down, the corrosion current will increase and the potential will 
become more negative compared with (1) (Figure 2.10(b)).  This is the principal on 
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3. If access to oxygen increases (for example by cracking of the concrete cover), the 
cathodic reaction line moves to more positive potentials and the new line intercepts the 
anodic curve at point 3, instead of point 2 (Figure 2.10 (c)).  While i2<i3, the potential 
value for point 2 is more negative than point 3 which is opposite of ASTM recommened 
guidelines. 
4. If the position of the cathodic line changes to more negative potentials (as an example: a 
decrease in the concentration of oxygen) the new cathodic line intercepts the anodic 
curve at point 3, instead of point 2 (Figure 2.10(d)).  Comparing points 2 and 3 shows 
that i2>i3 while E3 is more negative than E2 which appear to be in contradiction with 























Cathodic half-cell reaction: −− →++ OHeOOH 442 22

































































































































Therefore, a simple comparison of the half-cell potential data with the ASTM guidelines 
on steel reinforcement corrosion probability could cause mistakes in the evaluation of the 
structure.  It has been accepted by the people who work in the field that a more negative reading 
of potential means a higher probability of corrosion.  But as explained above, this general rule 
may not always be correct.  Some precautions are necessary in interpreting the data from half-
cell potential measurements because there are many factors that may affect the magnitude of the 
potentials.  For example, a surface layer with high resistance gives less negative surface potential 
which may cover underlying corrosion activity [52].  On the other hand, cathodic polarisation 
due to the lack of oxygen results in more negative potentials while the corrosion rate is reduced 
[61].  Soleymani et al. [62], mentioned that very high moisture content can decrease the half-cell 
potential to -1000 mV vs. CSE, while corrosion does not exit at all.  Feliu et al. [63], found that 
generally there is a poor correlation between half-cell potential values and corrosion current 










Figure 2. 11. Comparison of corrosion current with half-cell potential [63]. 
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Gu and Beaudoin [61], reviewed and summarised some factors that may affect half-cell 
potential readings and the results are shown in Table 2.8.   
 














On the other hand, other results have been in agreement with the ASTM interpretation. 
For example, Kliethermes [64] reported the results of the inspection of 120 exposed concrete 
decks from 33 states in US.  He found that, for bridges in good condition, 90% of all potential 
readings were more positive than -0.22 volts vs. Saturated Calomel Electrode (SCE) (-294 mV 
vs. Cu/CuSO4).  Also, he reported that for bridge decks in poor condition, i.e., spalled and 
cracked, the 100 % of the potential readings were more negative than -0.32 volts vs. SCE.   (-394 
Situation Half-cell potential shift 
Corrosion of steel 
reinforcement 
Applicable 
to ASTM C876 
Decrease in oxygen 
concentration to negative may not increase no 
Carbonation/decrease 
in pH to negative increase yes 
Increase in chloride 
concentration to negative increase yes 
Anodic corrosion 
inhibitor to positive decrease yes 
Cathodic corrosion 
inhibitor to negative decrease no 
Mixed corrosion 
inhibitor 
to positive or 
negative decrease no 
Epoxy-coated rebar to positive not related no 
Galvanized rebar to negative not related no 
Dense concrete cover to negative not related no 
Concrete resistance to positive not related no 
Dry concrete to positive not related no 
Reference electrode 
position to positive not related no 
Coatings and sealers to positive not related no 
Concrete repair patch to positive or negative not related no 
Cathodic protection to negative not related no 
Stray current Fluctuating between positive and negative not related no 
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mV vs. Cu/CuSO4).  Novokshchenov [65], found good correlation between results of the 
potential survey on pre-stressed bridge girders using a copper-copper sulphate half-cell and other 
corrosion detection methods, including the visual inspection, concrete cover survey, rapid 
chloride permeability test, and determination of the amount of Cl- at the level of the tendons.  
Romagnoli et al.[66] measured the half-cell potential values of steel in mortar with different w/c 
ratios and related the measured values to the rebar surface condition through Scanning Electron 
Microscopy (SEM) and they found that SEM observations confirms the ASTM guidelines.  
Moreover, in contrast to observations of Browne et al. [67] and  Elsener and Bohni [68], Cairns 
and Melville [69], surprisingly reported that half-cell potential measurements using the high 
impedance equipment were not affected by the presence of a surface treatment (such as 
waterproof membrane) and it remains a valid method for the detection of corrosion activity in 
reinforced concrete even where the concrete is coated; on the other hand they found that the 
presence of surface coatings in concrete have a significant influence on measured corrosion rate 
determined by the linear polarisation resistance technique (describe in the next section).  
This difference between results emphasises the need of more in-depth study about half-
cell potential and other corrosion measurements techniques used in concrete structures.  
As mentioned above, many factors including those listed in Table 2.8, can shift the half-
cell potential readings to more positive or negative values, but this may not be related to the 
severity or extent of the corrosion of the steel bars.  On the basis of this literature review and the 
observations of the current project, carbonation depth, chloride concentration and gradient, 
quality of concrete, concrete resistivity, cover depth, cracks, ambient conditions and oxygen 




2.3.2. Linear Polarisation Resistance (LPR) 
 
Figure 2.12 shows a schematic plot of the relationship between potential and current in 
the region of the open circuit potential.  The curve plots the applied potential versus measured 
current or vice versa.  As shown in Figure 2.12, there is an approximately linear region in the 
region of the open circuit potential.  LPR measurements are performed by applying a potential in 
the range of ±20mV about the Ecorr, either as a constant pulse (potentiostatic) or a potential 
sweep (potentiodynamic) and measuring the current response.  Alternatively, a current pulse 
(galvanostatic) or a current sweep (galvanodynamic) can be applied, and potential response is 
measured.  Polarisation resistance (Rp) is the resistance of the specimen to oxidation while an 
external potential is applied  and the corrosion rate which is inversely related to the Rp can be 
calculated from it [70].   
  Rp is determined by calculating the slope of this linear region: 
 
                                                                                    eq. 2. 10 
 


















Figure 2. 12. Linear polarisation curve [51]. 
 
The Stern-Geary equation relates corrosion current to Rp [71]: 
 
 








=                  eq. 2. 12  
 
B is Stern-Geary constant and βa and βc are anodic and cathodic Tafel constants, respectively.  
The value of B is empirically determined and has been measured as 0.026V for active and 
0.052V for passive corrosion of steel in concrete [72, 73].  These values are used in the 
calculations for corrosion of steel in concrete for many years without questioning them.  It this 






The resistance measured by LPR is actually is the sum of the polarisation resistance, Rp, 
and the electrolyte resistance, RΩ.  Normally, Rp>> RΩ and the resistance which is measured by 
LPR is close enough to the polarisation resistance that can be used as the actual value. However, 
in some environments with low conductivity, and/or high corrosion rates, the RΩ is significant 
and should be considered [54]. 
The corrosion current density, icorr, can be calculated by dividing the corrosion current 
(Icorr) by the surface area of the polarised area (A): 
 
 
                           eq. 2. 13 
 
The relationship between Icorr and m, mass reacted, in an electrochemical reaction is 
given by Faraday’s law: 
 
                                                                           eq. 2. 14 
 
where: 
m = mass (g) 
t = time (seconds) 
a = atomic weight (g/mol) 
n = number of equivalents exchanged 













The penetration depth (d) can be calculated by dividing m by density and the corroding 
area: 
 
                                                                                              eq. 2. 15 
 
For iron, a = 55.845 g/mol, ρ = 7875 kg/m3 = 7.875 g/cm3, and n = 2, therefore: 
 
Corrosion rate (in µm/year) = 11.6 icorr (in µA/cm2)                       eq. 2. 16 
 
According to some researchers, corrosion current densities over ~1μA/cm2 are identified 
as the level of high corrosion risk and corrosion current density below 0.1 μA/cm2 are 
characterised as passive corrosion in the system [74-76].  However, it seems that the equipment 
used by these researchers generally gives lower values than the other commercial equipment 
[77].  Therefore, applying such definitions may over or under-estimate the corrosion rate and 
cause errors in evaluations and life predictions.  
Interpreting the corrosion current density values of embedded steel bars in concrete, 
obtained from the LPR technique is difficult in large part because determining the actual 
corroding area of steel is almost impossible and usually causes underestimation of the actual 
corrosion current density in the areas of active corrosion.    
LPR has some advantages over the other measurement techniques which make it popular 
in the evaluation of the corrosion rate in reinforced concrete: it is a non-destructive technique; it 
is a simple method and it usually needs only a few minutes for corrosion rate determination.  





2.3.2.1. Potentiostatic LPR 
 
In potentiostatic LPR technique, a constant potential signal (usually ±10mV or ±20mV) 
is applied for a certain period of time, which is determined by time for current to reach steady 
state, in the form of square wave between the working electrode (steel bar in concrete) and 
reference electrode and the response current ( ∆t in Figure 2.13) is measured.  By using eq. 2.10, 
























2.3.2.2. Galvanostatic pulse technique 
 
The galvanostatic pulse technique was introduced for field application in 1988 [78].  This 
method is a rapid non-destructive polarisation technique 
A short-time anodic current pulse is applied galvanostatically between a counter electrode placed 
on the concrete surface and the rebar.  The applied current is usually in the range of 10 to 100 µA 
and the typical pulse duration is between 5 to 30 seconds.  The reinforcement is anodically 
polarised and the resulting change of the electrochemical potential of the reinforcement is 
measured with a reference electrode, which is usually in the centre of the counter electrode and 
recorded as a function of polarisation time [79, 80].   Figure 2.14 shows a schematic setup for the 
































Figure 2. 15. Schematic illustration of galvanostatic pulse results [81]. 
 
When the constant current, Iapp, is applied to the rebar, the polarisation of the rebar, ηt, at given 


























dlp                                       eq. 2. 17 
where: 
 
Rp = polarisation resistance 
Cdl = double layer capacitance 
RΩ = ohmic resistance of the concrete cover 
 
By transferring eq. 2.17 to logarithmic form, the values of Rp and Cdl, can be calculated as 



































papptmax −×=−ηη                                    eq. 2. 18 
 









Figure 2. 16 Schematic illustration of eq. 2.18 [78]. 
 
 
If this straight line is extrapolated to t = 0, it will give an intercept of Iapp×Rp and the slope of the 
line in 1/RpCdl.  The remaining overpotential corresponds to Iapp×RΩ which is the ohmic voltage 
drop across the concrete cover. After determining the polarisation resistance (Rp) by using the 

















The GalvaPulse™ system was developed by FORCE Technology in Denmark.  It is 
based on the galvanostatic pulse technique and it is a non-destructive instrument for measuring 
the electrical resistance of the concrete, the half-cell potential, and corrosion rate of the steel 
rebars in concrete.  The instrument consists of a handheld PSION computer which generates a 
small galvanostatic pulse.  It also controls the pulse duration and processes the data.  The 
measuring cell has a Ag/AgCl reference electrode at the centre with a zinc counter electrode and 









Figure 2. 17. Schematic plan of the GalvaPulse™ measurement cell. 
 
As mentioned before, the actual polarised area of steel embedded in concrete is difficult 
to determine.  In order to deal with the problem of confining the current to a predetermined area 
and to obtain a uniformly polarized area,  the use of a second auxiliary guard ring electrode 
surrounding the inner auxiliary electrode has been developed [83-86].  The current applied from 
Ag/AgCl reference electrode 
Zinc counter electrode 
Zinc guard ring 
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the guard ring tends to repel the lines of current from the central counter electrode and confining 
them to an area of the structure located approximately under the counter electrode.  Figure 2.18, 
shows the schematic plan of the measurement by the GalvaPulse ™ using guard ring to confine 







Figure 2. 18.  Schematic plan of the GalvaPulse ™ with guarding to limit the polarised area while performing the 
corrosion measurement. 
 
Based on the suggestion of the manufacturer, 10-20 μA for 5-10 seconds, in passive 
areas, should give a reasonable polarisation of the reinforcement.  The recommended applied 
current pulse in active areas is 80-100 μA for 5-10 seconds.  The changes in the potential over 
time should display the general shape shown in Figure 2.19.  Thus, it is important to make sure, 
from the polarisation graph on PSION that there is no irregularity; otherwise the measurement 




















Figure 2. 19 The schematic illustration of the change of potential over time: (a) for active areas and (b) for passive 
areas [87]. 
 
The important concern is that the graph should increase with time without any large 
scatter.  A decrease in potential indicates a false reading (e.g., problem with electrical contact).  
A large amount of scatter may be because of bad connections and/or insufficient applied current 
and/or the short time duration [87].  
According to the manufacturer, the advantages of this system can be summarised as 
follows [88]: 
 
• Estimation of the corrosion rate in the reinforcement can be made in less than 10 seconds. 
• Reliable evaluation of reinforcement corrosion also in wet, carbonated or inhibitor treated 
concrete. 
• Half-cell potential of the steel and electrical resistance of the concrete cover layer are 
given. 
• Lightweight electrode/hand held computer and easy to operate software. 







• Measurements possible on uneven and curved surfaces. 
 
For easy and quick evaluation, FORCE Technology suggested the following threshold 
values to categorise the risk of the corrosion rate: 
 
Table 2. 9 Quick evaluation of corrosion rate, recommended by FORCE Technology and measure by the 
GalvaPulse™ [88]. 
Measurement (μA/cm2) Corrosion rate 
Less than 0.5 Negligible 
Between 0.5 and 5 Slow 
Between 5 and 15 Moderate 
More than 15 High 
  
Table 2.9 is based on experience and there is no standard guideline for interpreting the 
corrosion rate, measured by guard ring devices.  Andrade and Alonso [89] and Feliu´ et al. [63], 
recommend the following interpretation based on their experience with the Gecor6™ instrument 
which employs galvanodynamic LPR and also uses a guard ring. 
 
Table 2. 10 Relationship between corrosion current density measured with guard ring device (Gecor6™) and 
corrosion risk [63, 89]. 
Measurement (μA/cm2) Corrosion risk 
 Less than 0.1 Negligible 
 Between 0.1 and 0.5 Low 
Between 0.5 and 1 Moderate 
More than 1 High 
 
As can be seen, there are significant differences between the two recommended 
guidelines given in Tables 2.9 and 2.10, which indicates that these recommended values for 





2.3.3. Electrochemical Impedance Spectroscopy (EIS) 
 
 EIS studies the system response to the application of a small amplitude alternating 
potential signal at different frequencies.  The popularity of EIS or AC impedance methods for 
reinforced concrete has increased remarkably in recent years, because analysis of the system 
response provides information about the double-layer capacitance, interface, structure, reactions 
which are taking place, corrosion rate and electrolyte (environment) resistance [54, 90, 91].  
 An electrochemical process can be considered as an electrical circuit with basic elements 
such as resistors, capacitors and inductors.  Therefore, in interpreting the response to an AC 
current, the AC circuit theory can be used successfully to demonstrate of a corrosion process and 
also it may be used to understand the behaviour of the corrosion process and prediction of the 
corrosion rates. 
 
In direct current, the Ohm’s law is as following: 
 
V=IR                 eq. 2. 19 
 
(V= Potential, I = Direct current, R= Actual resistor) 
In the AC condition, Ohm’s law becomes: 
 




(V= Potential, I = Alternative current, Z= Impedance) 
Direct current can be viewed as alternating current at zero frequency.  In this case, the 
resistance is composed of only one or more actual resistors. When the frequency is not zero, all 
circuit elements that can affect the flow of current, e.g., resistors, capacitors, and inductors cause 
the resistance.  The created resistance by capacitors and inductors depends on frequency while 
that created by a resistor is not dependant on frequency [92].  When an AC sinusoidal voltage is 
applied through a circuit with just a resistor, the resultant current will have the same frequency 
with no phase shift (Figure 2.20).  If the circuit consists of capacitors and inductors, the resulting 
current will differ in time and it will have a phase shift (θ = phase shift in radian), Figures 2.21 




    
  















Figure 2. 22. Sinusoidal AC voltage and current with an inductor [93].  
 
 
Using sines and cosines are mathematically inconvenient. Vector analysis provides an 
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AC impedance analysis is based on the relationship between such vectors.  A sinusoidal 
current or voltage can be represented as a rotating vector as shown in Figure 2.24.  In this Figure, 
the x component shows the observed current so it becomes the real component of the rotating 
vector while the y component is a contribution that is not observed; therefore it is named the 


























The mathematical descriptions of the two components are as followings: 
 
Real current =            Ix= |I| cos(ωt)             eq. 2. 21 
Imaginary current =   Iy= |I| sin(ωt)                        eq. 2. 22 
 
where t = time and ω = frequency in radians per second = 2πf (f = frequency in Hertz) 
To separate the real (x) and imaginary (y) components, the magnitude of the imaginary part 
should be multiplied by 1j −= 1 and then the real and imaginary values can be reported 
separately.  The equations for AC impedance become: 
 
Etotal = Ereal + Eimaginary = E’ + jE”                         eq. 2. 23 
Itotal = Ireal + Iimaginary = I’ + jI”                         eq. 2. 24 




+                                    eq. 2. 25 
 
Absolute amplitude of the impedance (that is the length of the vector) and the phase angle are 
defined by [94]: 
 
                                               
1 Mathematicians use i to stand for 1− , but electrochemists use j to avoid confusion with i, the symbol for current. 
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22 Z"Z'Z +=                                       eq. 2. 26 
Z'
Z"tanθ =                               eq. 2. 27 
 
The goal of AC impedance is to measure the impedance Z as Z’ and Z”, and then model the 
response by using an equivalent simple circuit [92].   
Table 2.11 shows the impedance expression for some simple circuit elements.  As can be 
seen, there is no imaginary component for the impedance of a resistor and the phase shift is zero 
which means that the current is in phase with the potential.  On the other hand, the impedance of 
the capacitor has no real component and its imaginary component is a function of both 
capacitance and frequency.  The current through a capacitor is 90 degree out of phase with 
potential across it (Figure 2.21).  As shown in Table 2.11, the impedance of a capacitor changes 
inversely with frequency, therefore, at high frequencies a capacitor acts as a short circuit and its 
impedance is close to zero. Conversely, at low frequencies (coming close to dc) a capacitor 
behaves as an open circuit, and the impedance tends toward infinite.  The third simple electrical 
component is the inductor the current through an inductor is always 90 degrees out of phase with 
the potential drop across it.  However, the phase shift is in the opposite direction (Figure 2.22).  
Also, as the frequency increases, the impedance of an inductor increases. An inductor acts as a 
short circuit at low frequencies and as large impedance at high frequencies [94].  
To determine the total impedance of a combination of simple elements, the impedance 
values of the individual components should be combined according to the following rules.  For 
two circuit elements in series, the combined impedance is simply the vector sum of the 
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individual impedance values (eq. 2.28) and for circuit elements in parallel, the admittance values 
(the inverse of impedance) must be added together (eq 2.29): 
 
 











Table 2. 11.  Simple circuit elements with their impedance expression [94]. 
Circuit element Impedance equation 
  




               
ωC
j0Z −=                      (ω=2πf) 
 
  



















2.3.3.1. Data presentation 
 
 As discussed in previous section, the expression for Z is composed of a real and an 
imaginary part (eq. 2.25).  There are different ways to illustrate the response of an 
electrochemical system to an applied AC potential or current.  The most common plots are 
Nyquist plot and Bode plots.   
If, at each excitation frequency, the real part is plotted on the x-axis and the imaginary 
part is plotted on the y-axis of a chart, a "Nyquist plot" is formed. 
A simple corroding system can be assumed as: solution resistance, in series with a 
combination of a resistor and a capacitor, which represent the polarisation resistance and double 
layer capacitance, respectively.  This is simple representation is called Randles cell and is shown 







Figure 2. 25. Equivalent circuit for a simple electrochemical system. 
 
  Figure 2.26 is the Nyquist plot for a simple electrochemical system corresponding to the 
analogue circuit in Figure 2.25.  It should be noted that each point on the Nyquist plot is the 







Double layer capacitance 
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right side of the plot and higher frequencies are on the left.  On the Nyquist plot, the impedance 
can be represented as a vector of length |Z| and the angle between this vector and the x-axis, is 












Figure 2. 26. Nyquist plot for a simple electrochemical system (adapted from [94]). 
 
At high frequencies, at the leftmost end of the semicircle, where the semicircle touches 
the x-axis, the impedance of the Randles cell is entirely produced by the ohmic resistance, RΩ.  
The frequency reaches its low limit at the rightmost end of the semicircle.  At this frequency, the 
Randles cell also approximates a pure resistance, but now the value is (RΩ + Rp) [94].   
If the diffusion in the electrolyte (concentration polarisation) or a surface film or coating 

















included in the Randles circuit (Figure 2.27).  W is shown at low frequencies on the Nyquist plot 

















Figure 2. 28.  Nyquist plot for a system with Warburg impedance. 
 
 
The Nyquist plot has some limitations [94]: (i) the frequency is not clearly shown on the 
plot and it is not possible to determine, for a specific point, the frequency used to the record that 
point; (ii) as mentioned before, the ohmic and polarization resistances can be directly determined 







 W 45o 
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known.  In Figure 2.26, the maximum frequency and the value of Rp can be used to calculate the 




=                            eq. 2. 30 
(iii) if there are high and low impedance components in the circuit, the larger impedance controls 
plot scaling and distinguishing the low impedance semicircle would probably be impossible.   
Impedance spectra are often more complex than that shown in the in Figures 2.26 and 
2.28.  The semicircle maybe distorted, and the centre is usually moved below the horizontal axis.  
These complexities occur because the simple equivalent circuits do not completely explain the 
physical phenomena of an electrochemical system.  Several computer programs have been 
written to fit experimental data to an equivalent circuit model.  However, due to the complexity 
of this problem, all of these programs require some initial assumptions for the circuit parameters.  
Figure 2.29 shows a Nyquist plot for Marz grade iron (high purity) in aerated 0.5 M H2SO4 for a 









Figure 2. 29. Experimental impedance diagram. System: Fe/0.5 M H2SO4, aerated [96]. 
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It is clear that it is not a perfect semicircle and an additional loop appears at low frequencies.  It 
is believed that this distortion is due to the inductive behaviour of the electrochemical system 
[97, 98].  Most researchers believe that it is incorrect to interpret the actual low frequency Z' axis 
intercepts as RΩ+Rp.  Instead, curve-fitting techniques should be used to obtain these values [99].  
There is another complexity in Figure 2.29.  In this plot, the centre of the semicircle does not lie 
on the Z’ axis and is shifted to negative Z” values.  To explain this phenomenon, some 
researchers use models that assume that the surface of the electrode is not homogeneous and, 
since the impedance data do not produce a simple semicircle in the capacitive half plane, more 
than one time constant must determine the corrosion behaviour [96].  These models can 
characterise different areas of the surface with different time constants. In this case, the total 
impedance of the surface would be the parallel combination of these areas and by using several 
Resistor-Capacitor-Inductor sub-circuits, the equivalent circuit for the system can be illustrated.  



















 A Bode plot is another popular presentation method for the impedance data.  In the Bode 
plot, the data are plotted with log of frequency on the abscissa and both the log of absolute value 
of the impedance (|Z|) and phase-shift (θ) on the ordinate [100].  Figure 2.31 shows a Bode Plot 
for the same data presented in the Nyquist plot in Figure 2.26 [94].  Since the frequency appears 
in as one of the axes in the Bode plot, it is easy to understand the dependence of impedance to 
the frequency from the plot.  The log |Z| vs. log ω curve can be used to determine the values of 
Rp and RΩ.  As shown in Figure 2.29, at very high and very low frequencies, |Z| becomes 
independent of frequency.  At the highest frequencies the ohmic resistance controls the 
impedance and log (RΩ) can be read from the high frequency horizontal level.  On the other 
hand, at the lowest frequencies, polarisation resistance contributes, and log (Rp + RΩ) can be read 















For an intermediate frequency range, absolute values of the impedance is inversely 
proportion to frequency and a straight line with a slope of -1 is observed in  log |Z| vs. log ω 




1Z =                                         eq. 2. 31 
 
 
The Bode plot also shows the phase angle, θ.  At high and low frequencies, the Randles 
circuit behaves like a pure resistor and the phase angle is nearly zero.  At intermediate 
frequencies, θ increases and reaches its maximum value where the phase shift of the response is 
maximum.  In case where the |Z| vs. log ω plot does not show the horizontal section, the double 

























1ω                                     eq. 2. 32 
 
The Bode format is advantageous when data scatter prevents satisfactory fitting of the 
Nyquist semicircle.  In general, the Bode plot provides a more understandable description of the 
frequency-dependent behaviour of electrochemical system than does the Nyquist plot, which 




2.3.3.2. Application of EIS in steel reinforced concrete structures 
 
EIS is being used as a power tool to obtain information about metal/concrete systems and 
it seems that its applications in such systems are increasing.  The following are some examples 
of such applications. 
Lemoine et al [101] used EIS to study the precipitation of calcium hydroxide on the steel 
surface after setting of the mortar.  Also, they tried to detect the corroded area on large beams, 
under and above water and they claimed that impedance measurements are feasible with large 
reinforced structure dipped in water or out of water.  Pruckner et al. [102] used EIS to 
monitoring the efficiency of the cathodic protection of reinforced concrete.  They found that 
changes in the corrosion rates of steel in different chloride contaminated concrete specimens 
with applied potential were detectable.  Due to the ability of EIS to study the surface phenomena, 
many researchers such as Dhouibi et al [103], Monticelli et al. [104] Trabanelli et al. [105] Gu et 
al. [106], Hope and Ip [107], used EIS to determine the long-term effectiveness of concrete 
inhibitors for steel in concrete.  Shi and his colleagues [108] used EIS to determine the chloride 
diffusivity in concrete.  Aldea et al. [109] studied the microstructural changes during rapid 
chloride permeability test, using ac impedance technique.  Hansen and his colleagues [110] 
studied the chloride permeability of of high performance concrete and used EIS.  Peled et al 
[111] used EIS to monitor damage during tensile loading of cement composites.  Andrade et al. 
[112] performed EIS to study the cement paste hardening process.  Perron et al. [113] studied the 
freezing of water in Portland cement paste and in their study the authors have developed a 




2.3.4. Cyclic polarization 
 
Cyclic potentiodynamic polarisation technique is a relatively non-destructive 
measurement that can provide information about the corrosion rate, corrosion potential, 
susceptibility to pitting corrosion of the metal and concentration limitation of the electrolyte in 
the system.  The original test standard, ASTM G 5 [114], was expanded from a stepped 
potentiostatic test to a potentiodynamic test as electronics developed, and consequently to a 
cyclic experiment (ASTM G 61 [115]) [116].  The technique is built on the idea that predictions 
of the behaviour of a metal in an environment can be made by forcing the material from its 
steady state condition and monitoring how it responds to the force as the force is removed at a 
constant rate and the system is reversed to its steady state condition.  Applied potential is the 
force and is raised at a continuous, often slow, rate by using potentiostat [117].  This rate is 
called polarization scan rate and is an experimental parameter.   
It is very important to choose the proper scan rate otherwise the result does not reflect the 
corrosion behaviour and the result could be an incorrect polarisation scan and an incorrect 
prediction from it.  As mentioned in section 2.3.3.1, the surface of the metal/electrolyte can be 
considered solution resistance, in series with a combination of a resistor and capacitor, which 
represent the polarisation resistance and double layer capacitance, respectively (Figure 2.25).  To 
ascertain that the current/voltage relationship reflects only the interfacial corrosion process at 
every potential of the polarization scan, the effect of capacitance should be minimised.  For this 
purpose, the capacitor should remain fully charged; otherwise, some of the current generated 
would reflect charging of the surface capacitance in addition to the polarisation resistance and 
the measured current would then be greater than the current actually produced by the corrosion 
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reactions.  To reduce the effect of the capacitance, the scan rate should be slow enough in a way 
that the capacitance remains fully charged during the experiment.  In this case, the current-
potential relationship just reflects the polarisation resistance (interfacial corrosion process) at 
every potential of the polarisation scan [117]. 
Because, the capacitance and resistance are functions of the material, environment and 
the applied potential, choosing the appropriate scan rate is not an easy decision.   
An outline of an approach to determine the maximum scan rate is given by Mansfeld 
[118].  The principle of the method is based on Bode plot, Figure 2.31, represented by Randles 
circuit (Figure 2.25).  At low frequencies, |Z| = RΩ+Rp, therefore, in order to determine the 
polarisation resistance accurately, the frequency characterisation of the scan rate should be less 
that the fmax in the low frequency portion of the Bode plot (Figure 2.32).   
ω = 2πf, where f is the frequency of the applied sine wave, and E can be calculated by 
using eq. 2.33: 
 
E=Eosin (ωt) = ½ ΔEej2πft                         eq. 2. 33 
ΔE is the peak to peak amplitude and is equal to 2Eo.  ΔE is usually taken ~10 mV.  This assures 
the linear response of the system to the applied potential [71].  The rate of change of potential 
can be calculated by taking derivative of eq. 2.33: 
 
 





and the maximum rate of change would be: 
 
Emax= πfΔE                                                                               eq. 2. 35  
 
This maximum rate of change corresponds to scan rate, S, and by using fmax in eq. 2.34, the 
maximum scan rate, Smax, can be calculated as following: 
 
Smax= ΔE. π.fmax                           eq. 2. 36 
 
The value of fmax can be found from Bode plot as shown in Figure 2.32 as one decade slower 








Figure 2. 32.  Bode plots of the frequency response for the an electrochemical system with RΩ= 10Ω, Rp=1000 Ω 
and Cdl=93.8 μF (adapted from [118]).  
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π.ΔE.fS 2maxmax =<=    
To obtain a frequency in the horizontal portion of the Bode plot, f2 is divided by 10.  Therefore, 
for a system shown in Figure 2.30, a scan rate lower than 5.3 mV/s has to be used for an accurate 
result.        
Cyclic polarisation measurement is carried out with three electrodes: the specimen 
(working electrode which in present case, is the reinforcing steel), a counter electrode and a 
reference electrode.  The potential of the specimen is changed continuously while the resulting 
current is monitored and then the applied potential is plotted versus the logarithm of the resulting 
current density.  The conductivity of the electrolyte (environment) is very important factor that 
should be considered in all electrochemical experiments, especially in cyclic polarisation 
technique. The electrolyte resistance causes a potential drop between the working electrode and 
reference electrode and can cause errors.  This effect has important impact on the interpretation, 
and should be compensated.  Figure 2.31 shows how the uncompensated potential might vary 








Figure 2. 33. Variation of uncompensated potential with conductivity for different current densities [117]. 
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The effects of a significant potential drop are summarised as followings [117, 120]: 
  
1. The applied potential can be much greater than the potential that is actually affecting the 
corrosion processes.  
2. The applied scan rate can be much greater than the intended scan rate.  
3. More importantly, the differences will be a function of the magnitude of the current 
passed between the working and counter electrodes, becoming greater as the current 
increases.  If the metal is passive, this effect is not significant. 
 
  The shape of the curve indicates if the sample is in the passive or active state, and can 
also show the pitting potential and the re-passivation or protection potential.  In a passive system, 
the potential at which the current sharply increases is defined as the pitting potential (Epit) and 
where the loop closes on the reverse scan is the protection or re-passivation potential (Epro).  If 
these two potentials are the same, there is a little tendency to pitting.  If Epro is more positive than 
Epit, there is no tendency to pitting.  On the other hand if Epro is more negative than Epit, the 
pitting could happen.  Further more, the size of the pitting loop can be used as an indication of 
pitting tendency.  The larger loop shows more tendency to pit [121].  Figure 2.32 shows how the 
pitting or nucleation potential and re-passivation of protection potential can be deduced from the 














Figure 2. 34. Schematic of pitting and passivation potentials on cyclic polarisation curve (adapted from [121]). 
 
2.4. CONCRETE ELECTRICAL RESISTIVITY 
 
 Electrical resistivity of concrete is considered an important parameter for evaluating the 
quality of concrete.  There are many studies on the relationship between concrete resistivity and 
corrosion of reinforcing steel [122-128] and the effect of resistivity on the initiation of corrosion 
of embedded bars [127, 129].  Many investigators have tried to correlate the concrete resistivity 
to different characteristics, properties and composition of concrete such as: w/c ratio [130-132], 
age [127, 130-135], porosity [136], cement paste volume content [130, 132] and chloride 






















2.4.1. Concrete resistivity measurement techniques 
 
 Many techniques have been used for measuring concrete resistivity and they can be 
categorised into two methods: AC, those using alternating current or potential, and DC, those 
using direct current.  In this project, both AC and DC methods were used.   
The four-probe method is one of the most widely used technique for field measurement 
of concrete resistivity.  This method was originally developed by F. Wenner [139] to measure the 
resistivity of soil. As shown in Figure 2.34, four electrodes are equally spaced. A small 
alternating current is applied between the outer electrodes while potential is measured between 
the inner electrodes. The resistivity is then calculated by using the following equation: 
 
I
a.V.2.ρ π=                                                                   eq. 2. 37 
 
where ρ is the resistivity (Ω.cm), a is the distance between inner electrodes (cm) and  V and I are 






3. The value of an AC voltage is continually changing from zero up to the positive peak, through zero to the 
negative peak and back to zero again. Clearly for most of the time it is less than the peak voltage, so this is not a 
good measure of its real effect. Instead the root mean square value (RMS) which is 0.7 of the peak voltage or current 











Figure 2. 35. Wenner technique for measuring resistivity (adapted from [122]). 
 
There are several factors that may affect the results of four probe technique measurement.  
Gowera and Millard studied these factors and summarized them as [122, 140]:  
 
1. gerometrical constraints, 
2. surface contact, 
3. concrete non-homogeneity, 
4. the presence of steel reinforcing bars,  
5. surface layers having different resistivity from the bulk of the concrete, and 
6. ambient temperature. 
 
Another way to measure the concrete resistance or resistivity is using electrochemical 
techniques.  Galvanostatic pulse and EIS are two techniques which were used in this project and 
the theory behind each of them was explained in previous sections.   
 




In reinforced concrete, at least two semicircles appear in the Nyquist plot, in which the 
first semicircle is usually representative of concrete resistance.  Sometimes, there is just one 
semicircle in Nyquist plot but, it does not start from zero on x-axis.  That shift is considered as 
concrete resistance. Figure 2.35 (a) illustrates the simple model of the steel-concrete interface 
and the equivalent circuit and Nyquist plot are shown in Figures 2.35 (b) and (c), respectively.  
There are some recommendations for correlating the corrosion of steel to concrete resisitvity 
(Table. 2.12) [141, 142].  Dissimilarity seen in Table 2.12, shows that using concrete resistivity 
as an indicator for steel corrosion activity can not be used with confidence and needs more 
investigation.   
 
Table 2. 12. Comparison of relationship between concrete resistivity and corrosion risk of reinforcing steel. 
Resistivity (kΩ.cm) Corrosion risk 
Feliu et al [141] 
>100-200 Negligible corrosion; concrete is too dry 
50-100 Low corrosion rate 
10-50 Moderate to high corrosion rate when steel is active 
<10 Resistivity does not control corrosion rate 





























Figure 2. 36.  (a) Simple schematic model of steel-concrete interface, (b) equivalent circuit of the model and (c) 
schematic Nyquist plot for the model. 
(a) (b) 
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CHAPTER 3, EXPERIMENTAL PROCEDURES 
3.1. MATERIALS 
 
Many variables are involved in the electrochemical behaviour of steel in concrete and 
because of time and the number of measurements, it was impossible to consider all of them in 
this project.  Therefore, for the purpose of this study, OPC concrete and plain carbon steel (black 
steel) bars, which are the most common combination in reinforced concrete structures, were 
chosen.  It should also be noted that ASTM C 876 guidelines are only recommended for black 
steel and it cannot be applied to any other type of steel such as stainless steel or galvanised steel. 
Table 3.1 shows the concrete mixture proportion used for preparing the 1 m3 concrete. 
 
Table 3. 1. Concrete mixture proportion for making 1m3 concrete 
Component  
Type 10 Portland, kg 355 
Sand. Kg 770 
Stone 20 mm, kg 1070 
Water, l 160 
Eucon MRC air entrainment 40 ml/100 kg cement 
W/CM 0.43 
 
In addition to concrete specimens, some experiments were carried out in synthetic pore solution.  
The expression of pore solution from hardened cement pastes and mortars is based on the work 
of Barneyback and Diamond in 1981 [143].  For this purpose, hardened paste cylinders, made 
with OPC, were subjected to high pressure to extract the pore solution in the porosity of the 
cement paste.  The expressed pore solution was chemically analysed and the results are given in 
Table 3.2 and the synthetic solution was prepared based on the obtained results [144]. 
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Table 3. 2. Composition of synthetic pore solution, Type 10 
Material Volume 
NaOH, g 9.17 
KOH, g 31.4 
CaSO4.2H2O, g 0.96 
Ca(OH)2, g 4.2 
Water, g 1750 
 
3.2. SPECIMEMNS PREPARATION 
 
Three sets of samples were used in this project: Beams with segmented steel bars, 
concrete specimens with different variables and steel in synthetic pore solution. 
 
3.2.1. Beams with segmented steel bars 
 
 It was necessary to identify a second technique with which to verify the values of half-
cell potential consistent with either active corrosion or passivity.  The obvious parameter to act 
as a correlation is corrosion rate determined electrochemically.  However, recent research [77] 
has shown that commercially available instruments designed to determine the corrosion rate of 
steel in concrete can give very different values for the same structure tested at the same time.   
Consequently, the first phase of this project was to determine which technique gives the most 
accurate and reproducible corrosion rate measurements. 
For this purpose, five beams with one segmented 10M rebar in each were cast as 
illustrated in Figures 3.1 and 3.3.  To separate and isolate the steel segments, a small plastic 
spacer made of PVC was used between each segment. Segments and plastic spacers were tapped 
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and they were connected together by a 6mm threaded rod (Figures 3.2).  For electrical 
connection, copper wires were used and connected to each steel segment.  The concrete for each 
beam was cast in two parts: for one half was as given in Table 3.1 while the concrete for the 
second half had the same mixture proportions but with 2.5% Cl- by weight of cement added to 
the mixing water as NaCl.  Later in the process, a ponding well was installed on the Cl- 
contaminated part of each beam and filled with saturated sodium chloride solution to accelerate 



































































































































































Figure 3. 3. Concrete beams in a container filled with water.  A stainless steel sheet is kept at the bottom of the 
container as counter electrode. 
(a) 
(b) 
Stainless steel sheet 
Ponding well with salt water 
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The corrosion activity along each bar was monitored using GalvaPulse™ (a commercial 
field instrument) as well as four laboratory techniques (LPR, Cyclic polarization, EIS and 
Galvanostatic LPR).  Both half-cell potential, Ecorr, and corrosion current, icorr, were recorded as a 
function of time. 
When the bars were deemed to have corroded sufficiently to allow gravimetric 
measurements of the mass loss due to corrosion, the specimens were autopsied and the extent 
and distribution of the corrosion recorded.  The corrosion products were removed according to 
the ASTM G1 [145] standard procedure.  Among the various compositions recommended by 
ASTM G1, for removing the corrosion products from iron and steel, the most commonly used 
and popular solution is as follows: 1000 ml hydrochloric acid solution (HCl, specific gravity 
[sp.gr.] = 1.19) + 20 g antimony trioxide (Sb2O3) + 50 g stannous chloride (SnCl2).  This 
solution, which is also called Clark solution, is effective in cleaning corrosion products at room 
temperature.  The steel segments were immersed in Clark solution for about half an hour or until 
the corrosion products were entirely removed.  The time is based on the extent of the corroded 
areas and could be more or less than 30 minutes.  Due to the toxic nature of the Clark solution, 
the cleaning procedure must be carried out under fume hood with safety glasses and gloves.  
 The bars were then weighed and a comparison of the mass loss determined by 
gravimetry and that estimated by the cumulative values of icorr was done.  The results are given in 







3.2.2. Specimens with different variables 
 
 A second set of reinforced concrete specimens was cast to determine the effect of the 
variables given in Table 3.3, on the half-cell potential values.  For this purpose, ~ 700 mm, 10 M 
steel rebar was used.  One end of the rebar was tapped and a stainless steel screw was used for 
electrical connection.  Both ends of the steel bar including the electric connection were epoxy 
coated.  The coated length inside the concrete was equal to the cover depth.  Therefore, the 
exposed area for the specimens with 30 mm cover depth was 440 mm, for 50 mm cover depth 
was 400 mm and for 70 mm cover depth was 360 mm.   To expose the concrete specimens to salt 
solution, a ponding well, made of Plexiglas sheets, was installed on top of each specimen and 
filled with sodium chloride solution.  A schematic plan of one of the samples with 50 mm cover 
depth is given in Figure 3.4 and Figure 3.5 shows how the ponding well was attached to a 
concrete specimen.   
 
 
Table 3. 3. Concrete specimens with different variables. 
Purpose Number of samples 
Cover depth-30 mm 5 
Cover depth-50 mm 5 
Cover depth-70 mm 5 
Carbonation (cover depth 50 mm) 5 
Cracks (longitudinal) (cover depth 50 mm) 3 
Cracks (transverse) (cover depth 50 mm) 3 


















Figure 3. 4.  Schematic plan of a concrete specimen for determining the effect of different variables of the half-cell 










Figure 3. 5.  Ponding well attachment to a concrete specimen with 50 mm cover depth. 
 
500 mm 






To determine the effect of the carbonation on the half-cell potential values, five samples 
with 50 cover depth and fifteen cylinders were kept in an AC Model HE-453-6 Dry-Lab glove 
box with high purity carbon dioxide (99.99%) atmosphere for three months at ~40oC and the 
relative humidity of ~60%.  To control inside temperature of the glove box, an electrical heater 
was used and the temperature and the relative humidity of the glove box were monitored 
continuously.  The cylinders were used to determine the carbonation depth as a function of 
exposure time.  By applying the phenolphthalein solution to a freshly fractured or freshly cut 
surface of concrete, noncarbonated areas (pH ~ 12.5) turn red or purple while carbonated areas 
(pH ~ 8.5) remain colourless (Figure 3.8).  The results of the carbonation depth measurement 
with time are given in Figure 3.6.  The edge of the fracture surface of one the cylinders after 
carbonation and applying phenolphthalein solution and the glove box are shown in Figures 3.7 
and 3.8, respectively.  
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Figure 3. 7. Carbonation depth measurement.  Phenolphthalein used to determine the pH of the concrete.  The high 












Figure 3. 8.  View of the glove box used in this project to carbonate the concrete specimens. 
Non-carbonated layer Carbonated layer 
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As mentioned in Table 3.3, two types of cracks were introduced to the samples: 
longitudinal and transverse.  To cause longitudinal cracking (i.e. parallel to the steel rebar), a 
PMMA rod (polymethyl methacrylate) was positioned underneath of the steel rebar and the 
samples were kept outdoors from December 2005, to July 2005.  The thermal expansion 
coefficient of the PMMA rod is between  60-90 X 10-6 oC-1  [146], and that of cement paste is 
around 11-20 X 10-6 oC-1 [3].  The temperature variations from -32 to +34 oC during the exposure 
period was sufficient to create cracks parallel to the steel rebar (Figure 3.9).   
For cracks transverse to the steel rebar, the beam was subjected to three point bending.  











Figure 3. 9. Longitudinal crack, parallel to the steel rebar, created by expansion of the plastic rod (a) longitudinal 






















Figure 3. 10. Three point bending test configuration and (b) resultant transverse crack. 
 
To study the effect of the distance of reference electrode from the surface of the steel 
rebar on half-cell potential values, embeddable Mn/MnO2 reference electrodes, ERE 20 (Figure 
3.10), from FORCE Technology [147] were used.  For this purpose, a hole (Φ = 20 mm and L = 
90 mm, 5 mm from the surface of the steel rebar) was drilled perpendicular to the steel rebar on 
each sample and a Mn/MnO2 reference electrode was installed in the hole.   Each hole was filled 
with cement paste and cured for two days and then coated with Sika ® AnchoreFix ® 3CA 
anchoring gel.  Figure 3.11 shows a schematic plan of ERE 20 Mn/MnO2 reference electrode and 
















Figure 3. 12. A sample with embedded Mn/MnO2 reference electrode.  The rather messy epoxy on the ponding well 
is due to the need to make the well leak-tight 
 
3.2.2.1. Electrode configuration 
 
Due to the number of laboratory measurements in this project and the cost and difficulties 
because of the fragile nature of most commercially available reference electrodes, for this 
number of measurements, it was not feasible to use a single reference electrode for each 
measurement location.  Therefore, another option was considered which was using graphite as 
reference electrode and the stability in two different environments: concrete synthetic pore 
solution, and salt solution was evaluated.  For this purpose, a setup consisted of two beakers, one 
with saturated calomel electrode one with a graphite rod was used.  The two solutions were 
connected together by a salt bridge (saturated KCl) which provided an ionic conductivity (Figure 
3.13).  Both electrodes were connected to an automated monitoring system, and the potential of 















Figure 3. 13. Schematic plan of setup, used for checking the stability of graphite in different solutions. 
 



































Figure 3. 15. Potential difference between calomel reference electrode and graphite in synthetic pore solution over 
an eight hour period. 
 
The results show that graphite potential is reasonably stable for an interval of 15 to 20 
minutes which is sufficient for most of the measurements made.  Also, research conducted by 
Muralidharan et al. on three different embeddable reference electrodes (manganese dioxide 
(MnO2), metal–metal oxide (MMO) and graphite) in concrete and confirms the same behaviour 
for graphite [148].  It should be noted that the graphite stability may not be good for very 
sensitive measurements.  In those applications, graphite should go through specific processes 
[149]. 
After choosing the materials for counter and reference electrodes, an electrode holder was 
designed specifically for the prism specimens and constructed from a PVC rod.  As mentioned 
before, the length of each prism with different variable was 500 mm (Figure 3.4), and at least 
two measurements were needed for each sample.  Based on these requirements, and ease of 






















counter electrodes and one piece for keeping the constant distance between two other pieces.  












Figure 3. 16. Schematic plan of the electrode holder, (a) top view, (b) end view. 
 
 
To ascertain that sufficient surface area is available for polarisation, two graphite rods 
were used as counter electrodes in each side.  All graphite pieces were connected to the data 
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3.2.3. Samples for determining the passivation time 
 
For this experiment, two sets of samples have been made: 
 
a) Steel bars with two different surface conditions (as received with mill scale and sand 
blasted) embedded in mortar 
b) Steel bars with two different surface conditions (as received with mill scale and sand 
blasted) in synthetic pore solution. 
 
The pore solution composition and the mortar proportions are given in Tables 2.5 and 3.4, 
respectively.   
Table 3. 4. . Mortar mixture 
Material Mass (kg) 
Cement, type 10 Portland 250 
Sand 750 
w/c ratio 0.45 
 
Three sand-blasted and three as-received steel bars were used in each setup as illustrated 
in Figures 3.17 and 3.18.  All samples were connected to an automatic data acquisition system 
(section 3.3.1.1.1) and the corrosion current density, using potentiostatic LPR, and half-cell 
potential of each steel bar, were monitored every hour.  A Mn/MnO2 electrode was used as a 
reference electrode and graphite rods were used as counter electrodes in both setups.  In addition 
to electrochemical measurements, the surface condition of the steel bars, after immersion in pore 
solution for two months, was studied with Raman spectroscopy technique compared to the 
Raman spectra taken from a steel bar which had not been exposed to the solution.  Results of the 














Figure 3. 17. Schematic isometric of the immersed steel bars in synthetic pore solution. 
 
Figure 3. 18. Schematic section of the mortar sample with embedded steel bars. 
As received steel bars 
Graphite counter electrode 
Mn/MnO2 reference electrode Sand blasted steel bars 
Mn/MnO2 reference electrode 
Graphite counter electrodes 
As received steel bars 








Two sets of measurements were made in this project: laboratory measurements and field 
measurements, as described below.   
 
3.3.1. Laboratory measurements 
 
The laboratory measurements were carried out on the steel reinforced concrete specimens 
described in the previous sections to identify the most accurate and reliable technique for 
determining the corrosion rate and to evaluate the effect of the different parameters on the half-
cell potential values.     
 
3.3.1.1. Corrosion measurements 
 
 To evaluate the corrosion activity of the steel bars in both sets of laboratory samples: 
beams with segmented steel bars and reinforced concrete specimens with different variables, 
potentiostatic LPR, galvanostatic LPR and half-cell potential measurements were carried out on 
the steel reinforced concrete specimens to identify the most accurate and reliable technique for 
determining the corrosion rate and to evaluate the effect of the different parameters on the half-
cell potential values.  The measurements were made about every two weeks for more than two 
and a half years.  In addition to the previously mentioned techniques, cyclic polarisation and 
impedance spectroscopy were also performed on the specimens to verify the obtained results.  
 
85 
The theory and details of each of these techniques were explained in Chapter 2 and the results of 
the measurements are given in Chapter 4.  Three potentiostats: PARSTAT®  2263, EG & G 273A 
and Solartron 1286 were used in this study.  In addition, the  Solartron 1260 impedance/gain 
analyser was used for EIS measurements and the GalvaPulse™ , which was developed for field 
measurements, was used for measuring the corrosion rate and potential of steel in concrete. 
 
3.3.1.1.1. Automated Corrosion Monitoring Programme (ACMP) and measurement unit 
 
 There are many commercially developed software programmes and hardware instruments 
for performing different electrochemical tests.  However, for steel in concrete, large numbers of 
specimens must be tested (because of the inhomogeneity of concrete) over long periods of time 
(because of the changes in concrete with time).  This can be tedious, leading to possible errors 
and less frequent measurements than would be desirable.  To enhance and improve the accuracy 
by omitting the human errors and saving time, new user friendly software was developed and 
used in this study.  In addition to the software, a measurement assembly unit for each specimen 
was designed and all specimens are connected to a data acquisition system through that 
measurement unit.  The data acquisition system consisted of a computer, Keithley digital multi-
metre and switcher models 2750, one of the above potentiostats and the new developed software 
which can communicate between all components of the system and gather the required data.  The 
software is called Automatic Corrosion Monitoring Programme (ACMP) [150]. 
As described in Chapter 2, a counter electrode, is used to apply current to the working 
electrode (the rebar).  The counter electrode is usually made of a relatively inert material, such as 
platinum, stainless steel or graphite to prevent it from dissolving in electrolyte.  In this project, 
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for the concrete prisms with different variables, graphite is used as the counter electrode, because 
of low price, excellent conductivity, resistance to both salt solution and the high pH environment 
of concrete.   
The potentiostats used are capable of performing only one measurement in a time.  There 
are multi-channel units available on the market, but they have two limitations: first, most of the 
units are designed to do only maximum 16 measurements and secondly, a multi-unit system for 
the 58 measurements (two for 29 prisms) in this study would have been too expensive.   
Keithley digital multi-metre and switcher were chosen for this project due to their 
sensitivity and high impedance.  These models are robust and relatively easy to use.  The Model 
2750 mainframe has five slots for inserting the plug-in switch/control modules.  Each slot can 
support a series of multiplexer, matrix, or control modules, and all the modules in a system 
operate simultaneously. Input modules can be mixed or matched to provide a broad range of 
measurement, acquisition, and control capabilities.  In this project Module 7708 with 40 channels 
was used.  The general features of Keithley 2750 and Module 7708 are given in Appendix B. 
For each measurement, 3 channels were used, one for reference electrode, one for counter 
electrode and one for working electrode.  Therefore, a Keithley 2750 mainframe with five 7708 
modules can be used for 66 measurements.  If more than 66 measurements are necessary, more 
Keithley mainframes can be joined together so provide the appropriate number of channels and 
there is no limitation for this purpose and this is one of the main advantages of this setup. 
To combine the mentioned components, ACMP was developed, using LabVIEW 6.1.  
The computer was connected to Keithley by RS-232 serial port.  If fast or real time data transfer 
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between Keithley and computer is required, a GPIB1 card [151] should be used.  The computer 
communicated with the potentiostat through a USB port or a GPIB board, based on the specific 
potentiostat.  The role of ACMP is to control and switch the channels in 7708 module for each 
measurement, control and run the electrochemical software and potentiostat and save data to the 
computer for later analysis.  This software is designed in a way to facilitate the use of 
electrochemical software.  For this purpose, predefined configurations for techniques which were 
commonly used in the lab, were developed and appear on the main menu.  These configurations 
can be modified based on the application.  There are options which allow setting the number of 
samples, measurement frequency and the time between each set of measurements, if it is 
necessary.  The display on the Keithley main frame can be also controlled by ACMP and a 
message can be shown on the display.  The data are saved in MS-ACCESS® format and then can 
be transferred to Excel® or other graphical and mathematical software.  Figure 3.19 shows a 
schematic diagram of the relationship between different parts of the measurement system and 







Figure 3. 19. Schematic diagram of the connections between different components of the automatic measurement 
system. 
                                               
1 “The General Purpose Interface Bus (GPIB) is an industry standard published by the Institute of Electrical and 
Electronic Engineers (IEEE) as ANSI/IEEE Standard 488. GPIB defines the electrical, mechanical, functional, and 
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Figure 3. 20. A view of Automated Corrosion Monitoring Programme (ACMP). 
 
Corrosion of some of the steel rebars was also measured by using the conventional 
measurement setup which is consisted of a calomel reference electrode and stainless steel 
counter electrode.  Figure 3.21 is the comparison between, the results of potentiostatic LPR, 
measured by automated system and conventional setup.  As can be seen, the differences between 
two setups are negligible.  The automated measurement unit can be used effectively for a long 
time.  The designed system, consisted of ACMP and measurement unit, is working without 
failure in this project for more than two years.  Also, the programme has successfully been used 














Figure 3. 21. Comparison between potentiostatic LPR measurements, measured by two different setups: designed 
setup and conventional setup. 
 
3.3.1.2. Chloride content analysis 
 
It was necessary to determine the chloride diffusion depth.  For this purpose, a 
cylindrical-radius carbide drill bit was used to pulverise the concrete adjacent to the steel surface.  
The ASTM C1152 [152] standard with some modifications [144] was used to determine acid-
soluble chlorides.  Acid-soluble chloride consists of both free and chemically bound chlorides in 
the cement paste.  The following procedures were performed to prepare the solution for the test: 
 
1. Power was weighed to the nearest tenth of the milligram and transferred to a separate  
250 ml beaker and then 120ml dilute nitric acid was added to the beaker. 
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3. Each beaker was covered with watch glass and heated on a hotplate until a soft boil was 
reached, then it was boiled for 5 minutes to release chlorides. 
4. After boiling, the beakers were removed from hotplates and filtered through WHATMAN 
No. 541 filter paper into a 400 ml beaker.  Beakers and stirring rods were rinsed by using 
hot distilled water at least three times into the filter until all residue was removed. 
5. The filtrates were washed in the filter paper at least six times with hot distilled water to 
remove all chloride from solids.  The filter paper was removed from the funnel and its 
exterior and the funnel rinsed three times into the beaker to remove any remaining 
chlorides. 
6. Distilled water was added to the solution to increase its volume 250 ml.  Then the filtrates 
cooled to room temperature. 
 
After preparation, 50 ml of the solution was titrated against 0.1 M AgNO3 Using a 
Radiometer Copenhagen TIM 800 Titration Manager with ABU 901 Autoburette.  One or two 
drops of methyl orange were added to the beaker to determine if the solution is acidic enough.  If 
no colour change is observed, a few drops of concentrated nitric acid should be added to the 
prepared solution. 
The titrant increments were added slowly to determine the equivalent point of chloride 
solutions which corresponds to the maximum change in millivolt occurring when the chloride 
solution is neutralised to a pH of about 7.  To improve the accuracy of the chloride 
measurements, the amount of chloride was increased by adding 4ml of a sample with 0.025M 


















=−                        eq 3. 2 
where: 
 
Vsample = volume of titrant added for the sample (ml) 
Vinf = total volume of titrant added until inflection (ml) 
Vs = volume of salt standard added (ml) 
[salt solution] = mean Cl- standard concentration (mol/litre) 
[Titrant] = molarity of AgNO3 titrant (mol/litre) 
[Cl-] = concentration of chloride in the sample (mol/litre) 
Vq = original volume of the sample (ml) 
 
3.3.2. Field measurements 
 
With the cooperation of the Ministry of Transportation staff, both Ecorr and Icorr 




3.3.2.1. Bridge at the University of Waterloo 
 
 A small bridge at campus of the University of Waterloo was chosen for the field 
measurements.  Easy access to the bridge, the exposed deck and visible corrosion of the steel 
bars in both approaches were the main reasons for this choice.  Figure 3.22 shows pictures of the 
bridge and Figure 3.23 is a schematic diagram of the bridge with its dimensions.  Half-cell 
potential measurements and, at different times during about a three year period, galvanostatic 
pulse LPR technique using the GalvaPulse™ were performed on the bridge.  Some attempts were 
made to use a conventional potentiostat to perform other electrochemical tests such as cyclic 
polarisation, EIS and potentiostatic LPR.  Only the cyclic polarisation technique proved 
successful.  For the measurements rebars were located by Micro Covermeter™ 7000-MC-89, 
made by Kolectric Ltd., rebar locator and all the results, which are given in the next chapter, 
were shown as the contour map.  The actual values are given in Appendix C.  It should be noted 





















Figure 3. 23.  Schematic plan of the bridge at the University of Waterloo. 
 In spite of the good appearance of the bridge deck, the potential values of the steel in the 
bridge deck were very negative while the corrosion current densities indicated that the steel bars 
are in good condition.  Therefore, with the cooperation of the Ministry of Transportation staff, 
two cores were taken from two different locations and the visual observation of the reinforcing 
steel showed that epoxy coated bars were used (Figure 3.24).  For that reason, the measurements 









Figure 3. 24.  Epoxy coated steel bar used in the deck of the bridge at the University of Waterloo. 
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3.3.2.2. Victoria Street Bridge, Wingham, Ontario 
 
The second field test location was a 37 year old bridge on Victoria Street in Wingham, 
Ontario over the Maitland River (Figure 3.25).  This is a post-tensioned bridge with galvanized 
steel rebars.  Visual observations showed no evidence of corrosion on the surface of the bridge 
deck.  Half-cell potential measurements and galvanostatic LPR, using GalvaPulse™ were 


























Figure 3. 25. Location of the Victoria street Bridge, Wingham town, Ontario, Canada 
N 
Location of the bridge 
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3.3.2.3. Barrier walls, Renfrew 
 
  The third field tests were carried out on barrier walls in HWY 17 west of Ottawa, 
approximately 2 km east of Renfrew, Ontario (Figure 3.26).  The walls were installed in 1975 
and they have been repaired several times but corrosion products were visible in some spots.  
Figure 4.27 shows walls from two different views.  The location of the repaired part can be seen 
in Figure 3.27 (a). 
 








Figure 3. 27.  (a) a view of the barriers wall, from the road, (b) the other side of the wall. 
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In addition to half-cell potential measurements using standard Cu/CuSO4 reference 
electrode, GalvaPulse™ was used to determine the corrosion current density and corrosion 
potential of the reinforcing steel.  Also attempts were made to perform EIS, cyclic polarisation 
resistance, potentiostatic LPR, galvanostatic LPR and galvanodynamic LPR tests on the steel 
bars using the PARSTAT® 2263 potentiostat.  Galvanostatic LPR, using 3LP equipment 
provided by MTO, was also used.  Figure 3.28 shows the setup used for electrochemical 









Figure 3. 28. The setup consisted of PARSTAT® 2263 potentiostat, reference and counter electrodes and the 
computer, used for performing electrochemical tests of the steel bars in the barrier walls, Renfrew, Ontario. 
 
3.3.2.4. Island Park Avenue bridge, Ottawa 
 
The fourth field location was a bridge in HWY 417, on the Island Park Dr. overpass in 
Ottawa, Ontario.  This bridge was constructed in 1961, rehabilitated in 1983 and is currently 
severely deteriorated due to rebar corrosion.  Figure 3.29 illustrates the location of the bridge on 
the map and Figure 3.30 shows pictures of the some of the corroded areas.   
Cu/CuSO4 reference 
and stainless steel 
counter electrodes 
PARSTAT® 2263 
































Figure 3. 30.  Photograph from Island Park Bridge, Ottawa, Ontario (a) corrosion of the steel bars of one of the 
approaches of the bridge, (b) repaired areas of the bridge, (c) corrosion underneath the bridge deck and (d) severely 
corroded spot on one of the approaches.  
(a) (b) 
(c) (d) 





Half-cell potential test was made as an essential evaluation technique.  Potentiostatic 
LPR, galvanostatic LPR (made with GalvaPulse ™ and PARSTAT®  2263 potentiostat), EIS, 
cyclic polarisation, galvanodynamic LPR (made with 3LP) were used to evaluate the corrosion 




CHAPTER 4, EXPERIMENTAL RESULTS AND DISCUSSION  
 
4.1. RESULTS FROM LABORATORY MEASUREMENTS 
 
4.1.1. Beams with segmented steel bars 
 
 Two sets of measurements were carried out on the beams with segmented steel bar: 
electrochemical corrosion measurements and gravimetry.  The results are given in the following 
sections. 
 
4.1.1.1. Electrochemical corrosion measurements 
 
 Corrosion activity of the segmented bars was monitored every two weeks by (i) half-cell 
potential, (ii) potentiostatic LPR and (iii) galvanostatic LPR using GalvaPulse™.  In addition; 
cyclic polarization, EIS, galvanostatic LPR and galvanodynamic LPR (using PARSTAT® 2263 
or Solartron 1286) were also used to confirm the results and provide more information about the 
techniques, equipment and corrosion behaviour of the embedded steel segments.  In addition, the 
concrete resistance was measured by GalvaPulse™, with and without guard ring and the results 





4.1.1.1.1. Half-cell potential 
 
In each prism, segments 1 and 2 are in chloride-free concrete and segment 3 and 4 are in 






Figure 4. 1. Segments designation for each beam. 
 
Figures 4.2 and 4.3 shows the half-cell potential values measured vs. Cu/CuSO4 reference 
electrode for the chloride-free and chloride-contaminated sections of the beams, respectively.  
The blue lines indicate the ASTM C876 guidelines for interpretation of the data.  It should be 
mentioned that all segments in beam D were short-circuited due to inadequate insulation or 
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As can be seen, in the chloride-contaminated concrete, most of the segments from the 
first measurement show the potential more negative than -350 mV vs. CSE indicating that there 
is a 90% probability of active corrosion according to ASTM C876.  However, the potential of 
most segments in chloride-free concrete is in region between -200mV and -350mV vs. CSE for 
which the probability of active corrosion is uncertain.  It should be noted that there was leakage 
from the ponding well on chloride-contaminated section to the Ca(OH)2 solution in the trough 
and therefore, the chloride-free section was also exposed to chloride ions but to a lower extent.  
There are major fluctuations in potential for all sections about 3 months after casting but, after 
that period, the potentials are more stable.  The unusual behaviour of segment C3 is due to 
applying +300mV potential vs. SCE from week 19 for 4 weeks to that segment to accelerate the 
diffusion of chloride from the ponding well into the concrete.  The beams were broken at 
different times and after that time, there are no points for that beam in the given Figures.   
The potential of the segments was also monitored by Ag/AgCl reference electrode 
(embedded in GalvaPulse™ measurement unit) for the same period of time and the results are 
shown in Figures 4.4 and 4.5.  It is clear that the half-cell potential values measured by two 









Figure 4. 4. Half-cell potential values of segmented steel bars, measured by Ag/AgCl and converted to CSE, 
chloride free section. 
 
 
Figure 4. 5. Half-cell potential values of segmented steel bars, measured by Ag/AgCl and converted to CSE, 
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The half-cell potential values of all bar segments, in chloride-free section of the beams, 
except A1 and B1, are more positive than -350 mV vs. CSE, which is in uncertainty region of the 
ASTM C876 recommendation.  The potential fluctuated considerably at the beginning of the test 
(with the first ~6 months after casting); but were more constant after this time, implying the steel 
bars are in a more stable state.  The isolation of all segments in Beam D and segments E2 and E3 
was not good and the segments were electrically connected.  This could have occurred during 
vibration of the concrete.  As mentioned in Chapter 3, a ponding well was installed on top of the 
chloride-contaminated section of each to accelerate corrosion on that section.  However, the 
ponding well of beams A and B leaked and the salt solution in the ponding well of those beams 
dropped into the trough underneath the beams.  Therefore, the water in the trough of beams A 
and B was actually chloride-contaminated but not to the extent of salt solution in the well.  The 
more negative potentials of segments A1 and B1 are attributed to this problem. 
The half-cell potential of all the segments in chloride-contaminated sections, except for C3, are 
all more negative than -350 mV.  The +300 mV potential with respect to half-cell potential after 
60 weeks on segment C3 was the reason of such a behaviour.  The similar half-cell potentials 
were obtained by using Ag/AgCl reference electrode confirming the accuracy of the 
measurements. 
 
4.1.1.1.2. Potentiostatic and galvanostatic LPR 
 
Figures 4.6 and 4.7 show the corrosion current densities of the steel segment, measured 
by potentiostatic LPR technique, using PARSTAT® 2263.  For the calculations, 21.98 cm2 was 
considered the surface area of each steel segment.  This corresponds to 7 cm of the length of 
each 10M rebar segment which is the length width which the GalvaPulse™ confines the 
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polarisation with the guard ring.  The actual corrosion current density values are shown in 
Appendix D. 
 
Figure 4. 6.  Corrosion current density of the segmented steel bars, measured by potentiostatic LPR, chloride-free 
section. 
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As can be seen, after 35 weeks, there is no measurement for segment A3 due to the connection 
problem. 
 Figure 4.8 and 4.9 show the corrosion current densities of the steel segments, measured 
by GalvaPulse™. 
Figure 4. 8.  Corrosion current density of the segmented steel bars, measured by GalvaPulse™, chloride-free section. 
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It was realised that at the beginning of the measurement the corrosion current densities 
were higher than what was expected in high alkaline environment when the steel is expected to 
be in its passive state.  This can be attributed to the fact that the measured Rp represents the 
current exchange of the redox process (Fe2+ ↔ Fe3+) in the passive layer [19, 153-155].  At 
potentials more positive than -200mV vs. CSE, two processes act together at the metal/concrete 
interface the corrosion process (Fe→Fe2++2e-) and the phase transformation in oxide layer 
according to the following process: 
 
3Fe3O4 ↔ 4γ-Fe2O3 + Fe2+ + 2e-                eq 5. 1 
 
As the value of the corrosion potential becomes more positive, more Fe3+ presents in the oxide 
layer and consequently, the redox process contributes in whole process in more extend [153].  
Therefore, due to the redox process, the measured corrosion current densities at the beginning of 
passivation of steel do not represent the actual steel dissolution.  It should be noted that this fact 
is not noticed clearly when the steel is showing active corrosion.  It seems that in active 
corrosion, the redox process is masked by faradaic process [155]. 
The corrosion current densities, measured by potentiostatic LPR technique, show that all 
of the segments in chloride-contaminated sections were actively corroding.  The fluctuations 
observed for C3 are due to the application of the potential and for segments A3, D3 and D4 is 
due to electrical connections.  It should be noted that because the chloride was mixed to the 
concrete in chloride-contaminated section, not enough time was provided to each steel segment 
to passivate itself and even at the beginning of the measurements, the bars show active corrosion 
rates.  Corrosion measurements, performed by potentiostatic LPR, show that all the segments 
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except A1 and B1 were not actively corroded and the corrosion current density was about      
0.25 μA/cm2.  Measurements carried out by GalvaPulse™ show at least two times higher values 
than values obtained by the potentiostatic LPR for similar segments.  It should be noted that in 
all the measurements, the guard ring in GalvaPulse™ was used and therefore this difference 
could be due to a higher current applied by the GalvaPulse™.  Current densities measured by the 
GalvaPulse™ show more fluctuations.  These behaviours could be attributed to the fact that, 
applying the appropriate current by GalvaPulse™ to stay in the linear region of the potential 
versus current curve is a difficult task, while in the potentiostatic LPR, the applied potential is 




















4.1.1.1.3. Electrochemical impedance spectroscopy 
 
Figure 4.10, shows the Nyquist plot for the steel segments in beam C, 88 weeks after 
casting.  The frequency range was between 2MHz and 1mHz and the potential amplitude was 
10mV. 































The diameter of the first semi-circle in each curve is considered to correspond to the concrete 
resistance and capacitance and the second, large, incomplete one represents the Helmholtz 
double layer and the polarisation resistance (Rp).  Therefore, Figure 4.10 shows that both 
concrete resistance and Rp for chloride-free concrete are higher than the same in chloride-
contaminated concrete.  Because the second semi circles are incomplete, the value of Rp can not 
be determined directly from plots in Figure 4.10 and the curves need to be extrapolated.  Figures 
4.11 and 4.14 show the extrapolated Nyquist and Bode plots for segments C1 and C4 
respectively and it should be noted that the scales for plots differ by factor of 10.  For 
extrapolation, the Kramers-Kronig [156, 157] method with ZSimpWin software was used.  The 
solid points in each curve correspond to the calculated data and the open points are measured 
data.  The difference between the experimental and the calculated (using Kramers-Kronig 
method) values (X) of the real and imaginary impedance determines if the obtained results from 
the EIS test can be filled to an equivalent circuit, and consequently, extrapolated or not.  If X2 is 
less than 10-6, the experimental results show excellent agreement with the results calculated by 
the Kramers-Kronig method.  If 10-6<X2<10-5, the agreement is reasonable; 10-5<X2<10-4 shows 
marginal condition and X2>10-4 indicates that the experimental results cannot be used to 
determine the equivalent circuit for extrapolation and if they used for the extrapolation, the 
results would show insufficient curvature or unreal loop(s).  The reasons of getting such not valid 
data from the EIS experiment can be: high external noise during the experiment, measurement at 
non-stationary or non-stable electrodes, measurements at non-steady state, non-linear effects 






Figure 4. 11.  Extrapolated Nyquist plot for segment C1 in chloride-free concrete. 
 



































Figure 4. 13The extrapolated Nyquist plot for segment C4 in chloride-contaminated concrete. 
 

































From Figures 4.12 and 4.14, the lower break point (f2) and consequently, the value of fmax 
can be determined.  These data have been used to determine the appropriate scan rate for 
potentiodynamic cyclic polarisation.  By using eq. 2.36, the maximum scan rate, Smax, can be 





















Where ΔE is the peak-to-peak amplitude (usual 10mV).  Figures 4.15 and 4.16 show the 
extrapolated Nyquist and Bode plots for segment A1.   The test was carried out after 63 weeks 
after casting and the frequency range was between 1MHz and 0.05Hz.  As can be seen in Figure 
4.15, the experimental data could not be fitted in Kramers-Kronig method and at the end (low 






Figure 4. 15. Extrapolated Nyquist plot for segment A1 in chloride-free concrete. 
 
 





























From Figure 4.16, the lower break point (f2) and consequently, the value of fmax can be 
determined for segment A1.  By using eq. 2.36 the maximum scan rate, Smax, for performing the 












The appropriate scan rate would be different because of the concrete environment and amount of 
corrosion of the steel bar.  Using very slow scan rate, such as 0.0006 mV/s is not practical due to 
the length of the test.  Assume that the cyclic tests starts at -100 mV vs. half-cell potential, and 
the potential increases to +900mV vs. reference and then reverses to -900 mV vs. reference 
electrode.  The total potential changes for this test would be ~3400 mV which at a scan rate of 
0.0006 mV/s would need at least 63 days to complete.  During this period, the corrosion 
behaviour could change considerably.  For this reason, the scan rate was chosen based on the 
lower-break point frequency not one decade slower than f2.  Thus, for the segmented steel bars, 
the scan rate of 0.006mV/s would be sufficient. 
It should be noted that the lower scan rate is necessary if the steel is in passive state or if 
it is corroding at lower corrosion rate.  This can be attributed to the fact that more corrosion is 
proportional to a lower polarisation resistance and, consequently easier path for current to pass.  
This means that shorter time is required to keep the double layer capacitance fully charged.  
From a practical perspective, the scan rate was chosen based on the lower-break point frequency 




4.1.1.1.4. Cyclic polarisation 
 
Figure 4.17, shows the cyclic polarisation curve for segment 1 of beam A 118 weeks after 
casting performed with the scan rate of 0.006mV/s.  The scan started at -100mV vs. half-cell 
potential, increased to +500mV vs. SCE and returned -500 vs. SCE.  Figure 4.18 shows the 
cyclic polarisation curve with the potential range for the same segment, one week later with the 
scan rate of 0.1mV/s, recommended by  ASTM G5 [159].  Clearly, there is a considerable 
difference between the results shown in Figures 4.17 and 4.18.  It needs to be noted that the 
ASTM G59 recommended scan rate is for tests in solution not an environment like concrete.  
This important point is sometimes missed by the researchers who are studying the behaviour of 
steel in concrete. 
Figure 4. 17.  Cyclic polarisation curve for segment A1, 118 weeks after casting, with the scan rate of 0.006 mV/s.  






















Figure 4. 18.  Cyclic polarisation curve for segment A1, 119 weeks after casting, with the scan rate of 0.1 mV/s.  
Arrow shows the direction when the potential in returning. 
 
 
The important difference is the direction of the curve in the portion corresponding to the 
decrease in anodic polarisation.  The existence of the hysteresis is usually indicative of pitting, 
while the size of the loop is often related to the amount of pitting.  In the case of the lower scan 
rate, the pitting potential can be observed while this potential is not shown in the curve obtained 





























4.1.1.1.5. Galvanodynamic LPR 
 
In galvanodynamic LPR, an applied current was raced continuously between -100 μA and 
100 μA at 10 μA/s and the resultant potential was monitored.  The value of Rp is the slope of the 
potential versus current curve at i = 0 amp. Where there is hysteresis, as for segment A3 in 
Figure 4.19, the slope of the line between maximum values of the current is taken as Rp.  The 
result of the galvanodynamic LPR for beams A and B are given in Figures 4.19 and 4.20, 
respectively.   
 
 



















Figure 4. 20. Galvanodynamic LPR results for the steel segments in beam B. 
 
 
The results, obtained from this test, compare to the other performed electrochemical 
measurements, show that this tests usually show higher values that the other methods.  This test 
is relatively fast and can be performed in the field with no difficulties.  In the field it is possible 
to compare the relative corrosion activity of different parts of the structure with each other with 
this technique; however it should be noted that the absolute corrosion rates cannot be determined 
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4.1.1.1.6. Comparison between different corrosion measurements 
 
Figure 4.21, shows the comparison of corrosion current density determined by 
galvanostatic LPR, measured by GalvaPulse™ (with the guard ring on and off), potentiostatic 
LPR and galvanodynamic LPR. 
 
Figure 4. 21. Comparison between different corrosion measuring techniques.  Segments 1 and 2 are in chloride-free 
concrete; segments 3 and 4 are in chloride-contaminated concrete. 
 
As shown in Figure 4.21, potentiostatic LPR consistently shows the lowest corrosion 
current densities compared to the other techniques and galvanodynamic LPR in most cases gives 
the highest value.  There is a significant difference between measurements performed with 
GalvaPulse™ when the guard ring is on and off.  When the guard ring is off, the measured 
corrosion current density is almost two times higher than the measured values while the guard 
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4.1.1.3. Electrical resistance of concrete 
 
The electrical resistance of the concrete beams was measured by three different 
techniques and equipment.  Figure 4.22 and 4.23, show the trend of concrete resistance of the 
different segments of the beams (chloride-free and chloride-contaminated), measured by 
GalvaPulse™ with the guard ring on.  The different scale for the resistance values in D in 












Figure 4. 22.  Concrete resistance of the beams with segmented steel bars, measured by the GalvaPulse™, with the 
guard ring on, in chloride-free sections. 
  
 
Figure 4. 23. Concrete resistance of the beams with segmented steel bars, measured by GalvaPulse™, with the guard 
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The first technique which was used to verify the concrete resistance values, obtained by 
the GalvaPulse™ was AC impedance spectroscopy.  For this purpose, a frequency range between 
1MHz to 1Hz was sufficient to obtain the first semi-circle in Nyquist plot, corresponding to the 
impedance of the concrete.  Galvanostatic pulse technique, using potentiostat, was the second 
technique for determining the value of concrete resistance.  Figure 4.24, shows the comparison 
between concrete resistances of beams A, B, and C, measured by the GalvaPulse™ (guard ring 





Figure 4. 24. Concrete resistance of beams A, B and C, measured by GalvaPulse™(guard ring off), EIS and 
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From Figures 4.24, it is obvious that, when the guard ring of the GalvaPulse™ is off, the 
concrete resistance value measured by all techniques and equipment are in a good agreement.  
However, when the guard ring is on, the measured resistance by GalvaPulse™ is two times 
higher than that measured with the guard ring off (Figure 2.25). 
 The final technique which was used to measure the concrete resistance was the four-
probe method (Wenner technique).  This is the most commonly used technique for measuring the 
concrete resistivity in the field.  Figure 4.25 shows the comparison between the concrete 
resistance values obtained by the GalvaPulse™ (with and without guard ring) and the Wenner 
technique with two different conditions: with a wet sponge between the probes and the surface of 
the concrete and without a sponge but with a completely wet surface.  All the values obtained by 
Wenner technique were in the resistivity format which was converted to resistance for 
comparison purpose. 
 
Figure 4. 25. Concrete resistance, measured by GalvaPulse™ and Wenner technique.  Segments 1 and 2 are in 
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Concrete resistance of the beams and the specimens with different variables, measured by 
different techniques, shows that GalvaPulse™, with the guard ring on, gives higher values with 
respect to the other techniques.  Results obtained from galvanostatic pulse technique and EIS, 
performed using the PARSTAT®, and galvanostatic pulse measured by the GalvaPulse™ while 
the guard ring was off, show relatively similar values.  The Wenner technique was the other 
method used to measure the concrete resistance.  Results show that this technique is very 
sensitive to surface condition of the concrete (wetness on the surface) and should be used very 
carefully.  
Generally, there was a good consistency in concrete resistance of the specimens during 
the experiment.  The laboratory conditions, relatively constant temperature and relative humidity 




To evaluate and determine the most accurate electrochemical corrosion measurement 
technique, all beams were autopsied and each segment was weighed and the amount of mass loss 
was determined.  Then by using the area under the corrosion current density versus time curves, 
the cumulative mass loss was calculated and compared to the actual mass loss.  The results are 
shown in Figures 4.26 to 4.30.  The calculations and the photographs of the steel segments are 

















Potentiostatic LPR GalvaPulse Gravimetry
 
Figure 4. 26. Comparison between mass loss determined by gravimetry and calculated from electrochemical 
















Potentiostatic LPR GalvaPulse Gravimetry
Figure 4. 27. Comparison between mass loss determined by gravimetry and calculated from electrochemical 


















Potentiostatic LPR GalvaPulse Gravimetry
 
Figure 4. 28. Comparison between mass loss determined by gravimetry and calculated from electrochemical 
measurements, beam C 
 
Figure 4. 29. Comparison between mass loss determined by gravimetry and calculated from electrochemical 

































Potentiostatic LPR GalvaPulse Gravimetry
 
 
Figure 4. 30. Comparison between mass loss determined by gravimetry and calculated from electrochemical 
measurements, beam E. 
 
 
The beams were autopsied at different times and the mass loss of each segment was 
measured.  Comparison between the results from the gravimetry test and those obtained from 
electrochemical measurements shows that the potentiostatic LPR technique correspond best with 
gravimetry test and the values obtained by the GalvaPulse™ are higher than actual values.  As 
will be discussed in Section 4.1.6 with more details, using guard ring polarised more area on 
surface of the steel bar.  Due to applying more current than what was necessary, the resultant 
potential is out of the linear region and the calculated mass loss shows higher values.  It is, 
therefore, concluded that the potentiostatic LPR technique is the most reliable corrosion 




4.1.1.4.1. Actual corroded area and whole surface area 
 
After autopsying the beams, the corrosion current density of the last measurement of each 
steel segment, measured by potentiostatic LPR and the GalvaPulse™, calculated by using actual 
corroded area and the whole surface area of each segment and the results are given in Figure 4.31 
to 4. 35.  
 
Figure 4. 31.  Calculated corrosion current density of the last measurement of segments in beam A, using actual 
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Figure 4. 32. Calculated corrosion current density of the last measurement of segments in beam B, using actual 
corroded area and whole surface area. 
 
Figure 4. 33. Calculated corrosion current density of the last measurement of segments in beam C, using actual 
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Figure 4. 34. Calculated corrosion current density of the last measurement of segments in beam D, using actual 
corroded area and whole surface area. 
 
Figure 4. 35. Calculated corrosion current density of the last measurement of segments in beam A, using actual 
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4.1.2. Specimens with different variables 
 
The results obtained from electrochemical measurements of the reinforced concrete 
specimens with different variables are given in the following sections.  It should be noted that 
these samples were cast in Dec 06, 2004 and exposed to salts solution in Feb 11, 2005 and all the 
measurements were carried out after exposure to chloride.  An anodic potential of +500mV 
potential, with respect to SCE, was applied to all specimens during weeks 29 and 36 to accelerate 
the diffusion of chloride ions into concrete. 
 
4.1.2.1. Electrochemical corrosion measurements 
 
Corrosion activity of the steel bars in the concrete specimens with different variables was 
monitored primarily by half-cell potential, potentiostatic LPR and galvanostatic LPR (using the 
GalvaPulse™) techniques.  These measurements were performed every two weeks.  In addition; 
cyclic polarization, EIS and galvanostatic LPR (using PARSTAT® 2263 or Solartron 1286) were 
used to confirm the results of the biweekly monitoring and to provide more information about 
the techniques, equipment and corrosion behaviour of the embedded steel bars.  Also, the 
concrete resistance was measured by the GalvaPulse™, with and with guard ring and the results 





4.1.2.1.1. Half-cell potential  
 
The individual half-cell potential values for all the specimens are given in Figure 4.36 
and the average values are given in Figure 4.37. 
 
Figure 4. 36. Half-cell potential values, measured by Cu/CuSO4 reference electrode, of the specimens with different 
variables.  
 
Figure 4. 37. Average half-cell potential values, measured by Cu/CuSO4 reference electrode, of the specimens with 
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The most negative half-cell potential values belong to cracked specimens and the most 
positive values are for specimens with 50 and 70 mm cover depth.  Both carbonated specimens 
(with 50 mm cover) and samples with 30 mm cover depth show similar behaviour and their 
potentials are more negative than -350 mV vs. CSE. 
The half-cell potential of the embedded steel bars was measured for 85 weeks (after 
exposure to salt solution).  All the values are more negative than -350 mV except for specimens 
with 50 mm and 70 mm cover depth.  As described before, to accelerate the diffusion of chloride 
into the concrete, +500 mV potential versus the half-cell potential was applied to each steel bar 
between weeks 29 and 36.  The more positive potential in specimens with 50 mm and 70 mm 
cover depth during that period is due to the application of potential.  Since specimens with cracks 
were actively corroding, no significant difference in potential values was observed during that 
period.  The half-cell potential of the specimens with 30 mm cover depth, tended to be more 
negative.  This can be attributed to the fact that chloride ions have reached the surface of steel 
and increasing the potentials caused more ions to reach the surface and consequently, more 
corrosion.  These observations were confirmed by corrosion measurements.   
 
4.1.2.1.1.1. Distance of reference electrode to the steel bar 
 
As mentioned in Chapter 3, three specimens with cover depth of 50mm were cast with 
Mn/MnO2 reference electrodes embedded 5 mm from the rebar, to determine the effect of 
distance of the reference electrode to the surface of the steel on the values on half-cell potential.  
Figure 4.38 shows the values by these electrodes and those measured by Cu/CuSO4 on the 
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surface of the specimens.  All the obtained results from Mn/MnO2 electrodes were converted to 
Cu/CuSO4 for comparison purpose. 
 
Figure 4. 38.  Comparison between half-cell potential values obtained by embedded Mn/MnO2 reference electrodes 
and measured by Cu/CuSO4 reference electrode form the top surface of the specimens. 
 
 
The half-cell potential values measured by Mn/MnO2 reference electrode show similar 
variation, as those measured by Cu/CuSO2 reference electrode.  This means that the distance of 
the reference electrode to the surface of the steel bars has no significant effect on the measured 
potential values.  This can be due to the fact that the steel rebars in those specimens were not 
actively corroding and the concrete specimens in the lab were most of the time wet, and 
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To determine the effect of the distance of the carbonated layer on the half-cell potential 
values, a hole with 35 mm depth and 70 mm diameter (Figure 4.39) was made on the surface of 
the same specimen and the half-cell potential and corrosion current density, using potentiostatic 













Figure 4. 39. Schematic views of one of the carbonated concrete samples with a hole drilled on its top and its side. 
 
 
Table 4. 1. Comparison between half-cell potential and corrosion current density of one of the carbonated 
specimens, using three different locations for the reference electrode. 
 Half-cell potential (mV) vs. Cu/CuSO4 Current density (μA/cm2) 
Ref. electrode on top surface -356 0.31 
Ref. electrode in the perpendicular hole -341 0.29 




The potential measured from inside the hole was ~15 mV more positive than the one 
measured on the top of the concrete surface which is not significant.  Therefore, half-cell 
potential values, measured on surface of the carbonated concrete can be considered valid. 
 
4.1.2.1.2. Potentiostatic and galvanostatic LPR 
 
Figures 4.40 shows the corrosion current densities of the embedded steel in the specimens 
with different variables, measured by potentiostatic LPR technique, using PARSTAT® 2263, and 
Figure 4.41, shows the average values of the corrosion densities.  As mentioned before, for the 
calculations, 21.98 cm2 was used as the surface area of steel.  The actual corrosion current 
















Figure 4. 40.  Corrosion current densities of the specimens with different variables, measured by potentiostatic LPR. 
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As can be seen, steel bars in cracked specimens have highest corrosion current densities 
while the lowest values belong to the steel bars in the specimens with 50 and 70mm cover depth.  
Also, corrosion densities of steel rebars in concrete with 30 mm cover depth and carbonated 
concrete are similar. 
Figures 4.42 and 4.43 show the corrosion current densities for all specimens and the 





















Figure 4. 42.  Corrosion current densities of the specimens with different variables, measured by GalvaPulse™. 
 
Figure 4. 43. Average values of corrosion current densities of the specimens with different variables, measured by 
GalvaPulse™.  The blue arrow shows that the corrosion current densities of the specimens with longitudinal cracks 
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From Figures 4.42 and 4.43, it is seen that the values of the corrosion current densities 
measured by the GalvaPulse™ have the same trend as those measured by potentiostatic LPR.  
However, the actual values with the GalvaPulse™ are more than three times higher than those 
measured by potentiostatic LPR.  It should also be noted that when the corrosion rate is very 
high, such as the samples with longitudinal cracks, the GalvaPulse™ cannot make the 
measurement with the guard ring on and the measured values are far from the actual values.  If 
the steel bars are highly corroded, the GalvaPulse™, even without guard ring, is not capable of 
performing the measurements at all.  This observation was confirmed during the field 
measurements and the results of which are given later in this chapter.   
The corrosion current density of the steel bars in specimens with different variables 
measured by the potentiostatic LPR show that those with longitudinal cracks had highest 
corrosion rate while those with 50 mm and 70 mm cover, remained passive throughout the test 
period.  The carbonated specimens and those with 30 mm cover, showed active corrosion.  One 
specimen with cover depth of 30 mm, 50 mm and 70 mm, and one carbonated specimen were 
broken and the embedded steel bars were visually inspected.  Corrosion products were observed 
on the middle part of the steel bar in specimen with 30 mm cover.  No corrosion product was 
found on the surface of the steel in the concrete with 50 mm cover.  However, corrosion was 
observed on the steel bars in the carbonated specimen and concrete with 70 mm, but they were 
located at the border of epoxy coated and bare steel.  Due to leakage from the ponding well on 
the top, the chloride ions diffused to the concrete from the sides, in addition to the top surface, 
and caused corrosion.  Also, it was noticed that the steel bars in those specimens, had moved 
during casting compaction of the concrete and the distance from each end of steel was i.e. about 
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20 mm less than the cover depth.  Chloride analysis confirmed the presence of chloride in all the 
corroded locations.  
Corrosion measurement results, obtained from the GalvaPulse™, show higher values 
than those obtained from potentiostatic LPR.  If the correct polarised area was use, the values 
were lower and might be similar to what was achieved from the potentiostatic LPR.  For this 
purpose and based on evaluation of the function of the GalvaPulse™, the average values of 
corrosion current densities measured by the GalvaPulse™ were recalculated assuming that whole 
length (500 mm) of the steel bar was polarised and the results are shown in Figure 4.44.  
Comparison between Figures 4.44 and 4.36 shows that this assumption changes values measured 
by the GalvaPulse™ close to those obtained from the potentiostatic LPR.  This point emphasises 
the importance of using the appropriate polarised area in the calculations.  
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Experiments demonstrated that the GalvaPulse™ is not capable of performing the 
measurements when the corrosion rate is high (>4μA/cm2) or it gives unrealistic values, such as 
200 μA/cm2.  This is one of the limitations of this equipment.   
 
4.1.2.1.3. Electrochemical impedance spectroscopy 
 
Figures 4.45 and 4.46 show the Nyquist and Bode plots, obtained by performing EIS on one of 
the carbonated concrete specimens (S1), 27 weeks after exposure to salt solution.  The frequency 
range was from 2MHz to 0.1mHz.  Figure 4.55 indicates that the experimental data could not be 
fitted in Kramers-Kronig method and there is not sufficient curvature at low frequencies.  78 
weeks after exposure to salt solution, impedance spectroscopy test was performed on the same 
specimen with the frequency range between 1MHz and 0.01 mHz and the results are given in 









Figure 4. 45.  Extrapolated Nyquist plot for one of the carbonated specimens (S1), 27 weeks after exposure to salt 
solution. 



































Figure 4. 47. .  Extrapolated Nyquist plot for one of the carbonated specimens (S1), 78 weeks after exposure to salt 
solution. 
 

































From Figures 4.46 and 4.48, the lower break point (f2) and consequently, the value of fmax 
is calculated and then by using eq. 2.36 the maximum scan rate, Smax, for performing the cyclic 
polarization tests can be determined as following: 
 



















From practical point of view choosing 0.00003 or 0.00006 mV/s as the scan rate is not 
reasonable because a scan would take weeks to be completed.  Therefore, 0.006 mV/s was used 
to perform cyclic polarisation tests and results are given in the next section.    
The value of Rp, can be determined by using Figures 4.45 and 4.47 which is ~ 1200 Ω 
and ~ 6000 Ω, and from Rp, icorr can be calculated as ~0.2 μA/cm2 and 1 μA/cm2, respectively.  
The similar values obtained from potentiostatic LPR technique at the same time. 
 
4.1.2.2.4. Cyclic polarisation 
 
To illustrate the effect of scan rate on the shape of the cyclic polarisation curve, and 
consequently the interpretation of the results, different scan rates were selected to perform the 
test.  Figure 4.49 shows the cyclic polarisation curve, performed with 0.006 mV/s scan rate, for 
one of the specimens with longitudinal crack and Figure 4.50 shows the cyclic polarisation curve 
for the same sample with 1 mV/s scan rate.  In both cases, the scan started at -100 mV below 












Figure 4. 49. Cyclic polarisation curve with the scan rate of 0.006mV/s, one of the specimens with a longitudinal 
crack.  Solid arrows show the direction of increasing the potential and dotted arrows show the direction of return 












Figure 4. 50. Cyclic polarisation curve with the scan rate of 1mV/s, one of the specimens with a longitudinal crack.  
Solid arrows show the direction of increasing the potential and dotted arrows show the direction of return potential.   






































In Figure 4.51, the cyclic polarisation curves for one of the specimens with transverse 
crack with different scan rates are shown. 
Figure 4. 51. Cyclic polarisation curves with different scan rates for one of the samples with transverse crack.  
Arrows show the direction of the return potential  
 
If the appropriate scan rate is not chosen, the observed behaviour may mislead the 
researcher and cause misinterpretation of the results.  For example, cyclic polarisation test, 
performed on the steel bar in one of the specimens with a longitudinal crack at a scan rate of 
0.006 mV/s (Figure 4.49) shows that this rebar is corroding actively and also that it is susceptible 
to pitting corrosion.  Furthermore, the second half-cell potential in return section of the curve is 
very close to the initial half-cell value which means that there is no passive film on the steel to 
protect it and cause raise in potentials during return.  However, the cyclic polarisation curve for 
the same specimen with the scan rate of 1 mV/s (Figure 4.50) shows completely different 
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4.1.2.2.5. Galvanodynamic LPR 
 
The galvanodynamic LPR technique was used to measure the corrosion activity of one 
specimen of each variable and the results are given in Figure 4.52.  Figure 4.53, shows the 













Figure 4. 52. Galvanodynamic LPR curves for one of the specimens of each variable. 
 
Figure 4. 53. Comparison of the values of corrosion current density of one of the specimens of each variable, 












































In spite of the fact that the values are higher than those obtained from the potentiostatic 
LPR test, because is relatively fast and can be used in the field, this technique is recommended 
for initial evaluations and comparison of corrosion activities between different locations of a 
structure.  
  
4.1.2.3. Electrical resistance of concrete 
 
The resistance of concrete specimens was monitored, using the GalvaPulse™ (with and 
without the guard ring), EIS, galvanostatic pulse technique using the potentiostat, and the 
Wenner technique.  Figure 4.54, shows the concrete resistance for all the specimens, measured 
using the GalvaPulse™ while the guard ring was on and the average values are given in Figure 
4.55.  The comparison of the measured values by the GalvaPulse™ and the other techniques was 














Figure 4. 54. Concrete resistance of all specimens with different variables, measured by the GalvaPulse™, guard 
ring on. 
 
Figure 4. 55. Average values of concrete resistance, specimens with different variables, measured by the 
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Figure 4. 56. Comparison between concrete resistance, measured by GalvaPulse™ (guard on and off), EIS, 
galvanostatic pulse technique and Wenner technique, 49 weeks after exposure to salt solution.  The shown values are 
the average of the measured concrete resistances of multiple specimens of each variable. 
 
4.1.3. Chloride content 
 
 One of each of the specimens with 30mm cover, 50mm cover, 70mm cover and a 
carbonated specimen were broken after 70 weeks of exposure to salt solution.  Concrete powders 
were prepared from the location of steel imprint on the broken specimens where corrosion 
products were observed, if at all.  In the specimen with 30mm cover depth, the corrosion 
products were found in the middle part of the steel.  In the specimen with 50mm cover depth, no 
corrosion products were observed.  In specimens with 70mm cover depth and carbonated cover, 
the corrosion products were found at the border of epoxy coated part of the steel rebars, close to 
one end of each specimen.  In addition to these locations, powders were also collected from the 
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analysis was performed based on ASTM C1152, as described in Section 3.3.1.2 and the results 
are as following: 
Table 4. 2. Results of chloride content analysis 
Specimen mol/ml Average % weight of cement Average 
0.00158 0.44 
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4.1.4. Effect of the wetness of the surface on half-cell potential measurements 
 
To determine the effect of the wetness of the concrete surface on the half-cell potential 
values, the half-cell potential of the steel bar in a beam (Figure 4.57) with inconsistent surface 
wetness was monitored by time.  For the measurement, the surface of the beam was wetted 
thoroughly and a wet sponge was used between the Cu/CuSO4 reference electrode and the 
concrete surface.  The half-cell potential was monitored every 0.2 second for 90 minutes and the 
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results are given in Figure 4.58.  As can be seen, the starting half-cell potential in a beam was   
~-254 mV vs. CSE which is in uncertainty region based on ASTM C876 recommended 
guidelines.  However, after about 20 minutes, this value reached to ~ 318 which means that the 
probability of having corrosion is more than 90%!  Therefore, to have a reliable half-cell 
potential value it is essential to keep the surface of the concrete wet, and provide enough time to 
stabilise the potential.    
 
 
Figure 4. 57. Setup used to monitor the half-cell potential to determine the effect of surface wetness of the measured 


















Figure 4. 58. Half-cell potential of the steel bar in a concrete beam, monitored for 90 minutes. 
 
4.1.5. The effect of different counter electrodes on corrosion measurements 
 
The effect of the type of materials, with which the counter electrode is made, and the 
shape of the counter electrode on the different measurements was tested.  For this purpose, three 
materials and two different shapes were used as given in Table 4.4.  
 
Table 4. 3. Material, shape and the size of the counter electrodes, used to determine the effect of counter electrode 
on the measurements.  
Material Shape Size 
Stainless steel Plate (rectangular) 100 X 180 mm 
Stainless steel Ring ID = 30mm and OD = 60mm 
Galvanised steel Ring ID = 30mm and OD = 60mm 





The size of all the rings was chosen to match the size of the counter electrodes used in the 
GalvaPulse™.  The GalvaPulse™ measuring unit was also used with a potentiostat to perform 
potentiostatic and EIS tests.  In this case, guard ring was off.  Figures 4.59 to 4.61 show the 
results. 
 







































































Figure 4. 61. The effect of counter electrode on the concrete resistance values, measured by the GalvaPulse™ and 
EIS. 
 
Results show that there is no significant difference between different materials, size and 
different shapes.  It should be noted that this conclusion could be only valid for the corrosion 
measurements of steel in concrete.  The results might be different in different solutions due to 
exchange current density of the oxygen or hydrogen on different materials.  The counter 
electrode should be made of materials that are inert to the electrolyte and they should have high 
exchange current density.  Platinum and graphite are commonly considered as good counter 
electrode materials.  Based on the environment, the organic binder in graphite may leach out and 
contaminated the electrolyte.  This in not a problem in concrete but it should be noticed in other 
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4.1.6. Function of the GalvaPulse™ 
 
To check the function of the GalvaPulse™, its measuring unit and PSION computer were 
connected to an HP model 34401A digital multimetre and the applied current on the counter and 
on the guard ring as well as the resultant potential, were measured independently from the 
PSION computer.  For this purpose, one specimen with cover depth of 30 mm and one with the 
cover depth of 70 mm were used and three different currents were applied: 50 μA, 100 μA and 
200 μA while the guard ring was on and off.  Figures 4.62 and 4.63 show the measured current 
on the counter and guard ring, respectively, electrode with different pre-set applied currents. 
 
Figure 4. 62. Measured current on the counter electrode of the GalvaPulse™ measuring unit with three pre-set 































Figure 4. 63.  Measured current on the guard ring of the GalvaPulse™ measuring unit with three pre-set applied 
current.    
 
 
To ascertain if the guard ring works or not, the current on the guard ring was measured 
while the guard was off and the result (Figure 4.64) shows that it is working properly and the 




























































 In order to verify the calculations of the PSION computer, the resultant potentials were 
monitored with and without the guard ring.  The measurements were performed on one of the 
specimens with a cover depth of 70 mm and the applied current was 100 μA.  Results are shown 
in Figures 4.65 and 4.66. 
 
Figure 4. 65. Potential changes, measured by the HP multimetre; guard ring on; applied current =100μA. 







































From Figures 4.65 and 4.66, the concrete resistance and corrosion current density in both 
cases are calculated and the results compared to what was calculated by the PSION unit and 
given in Table 4.4.  The calculated value from the obtained results of HP multimetre and PSION 
computer, are close and the results given by PSION computer are reliable. 
 
Table 4. 4.  Comparison between concrete resistance and corrosion current density, calculated using the data in 
Figures 4.65 and 4.66 and PSION unit. 








(μA/cm2), guard on 
Corrosion current 
density  
(μA/cm2), guard off 
Calculated values 1.28 0.63 0.61 1.58 
PSION computer 1.4 0.7 0.49 1.28 
 
 
 Polarised length (and consequently, the polarised area) of the steel bar is an important 
parameter in corrosion measurement calculations.  As described earlier, the goal of the guard 
ring is to provide uniform polarisation over a limited length of the rebar.  To estimate the 
polarised area, using the GalvaPulse™, a setup shown in Figure 4.67 was used.  Before and 
during actual application of the current by the GalvaPulse™, the half-cell potential of the steel 
was measured versus a reference electrode (Cu/CuSO4) at five different distances: 0 mm, 55 mm, 
300 mm, 500 mm and 1000 mm, from the GalvaPulse™ measuring unit.  Three applied currents 
were used: 50 μA, 100 μA and 200 μA.  The difference between two measured potentials (before 
and during the application of current) are plotted versus distance in Figures 4.68 and 4.69 when 
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Figure 4. 68.  Potential differences between before and at the end of applying the current by GalvaPulse™, guard 
ring on.  Concrete resistance is compensated. 
 
Figure 4. 69. Potential differences between before and at the end of applying the current by GalvaPulse™, guard 
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As can be seen, when the guard ring is on the steel bar is polarised to a distance of one 
metre from the GalvaPulse™ measuring unit.  However, when the guard ring is off, not only is 
the polarised distance shorter but the amount of polarisation is also less.  In both cases, the 
potential immediately adjacent to the GalvaPulse™ measuring unit is higher than that 
immediately under the GalvaPulse™ measuring unit and decays at further distances. 
To determine the influence of the guard ring on the current under the counter electrode, a 
setup shown in Figure 4.70 was used.  The applied current under the counter electrode was 
measured with and without using guard ring with different pre-adjusted currents and the results 
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The other important point that should be mentioned about the GalvaPulse™ is its 
maintenance.  The measurement unit must always be cleaned after measurements; this is 
especially important when one is dealing with salt solutions.  The GalvaPulse™ pulse generator 
unit should be calibrated either monthly or before each use, whichever is the longer period.  It 
has been found that, ignoring this point, causes problem and the results are not reliable. 
Results (Figures 4.62 and 4.63) show that the counter and guard electrodes both apply the 
set current to the surface with the same polarity.  The current applied by the guard ring is 
supposed to limit the polarised area.  However, measurements show that by using the guard ring 
during the test, a greater length of the steel rebar is being polarised (Figures 4.68 and 4.69).  The 
same applied current from both guard and counter electrodes and the larger size of the guard ring 
are the reasons of such behaviour.  As shown, the measured values of corrosion current density 
and concrete resistance are higher and lower, respectively when the guard ring is off.  In all the 
calculations performed by the GalvaPulse™, the current is considered to be the value which was 
entered into the PSION computer.  However, when the guard ring is on, the value of the current 
is double the pre-set value.  The results given in Table 4.4 are recalculated with considering this 
point.  The new recalculated results (Table 4.5) using the actual applied current, are similar in 
both cases.  
 
Table 4. 5. Calculation of the corrosion current density and concrete resistance, by using actual applied current; pre-
set current: I=100μA, guard ring off  and on. 








(μA/cm2), guard on 
Corrosion current 
density  
(μA/cm2), guard off 
Calculated values 
by using actual 
applied current 





4.1.7. Reinforcing steel passivation time 
 
Figures 4.71 and 4.72 show the corrosion current densities measured over a period of 300 
hours by the LPR for the samples embedded in mortar and immersed in synthetic pore solution, 
respectively and their half-cell potential values are plotted in Figures 4.73 and 4.74, respectively.  
As mentioned earlier, in each case, the mill scale on three of the steel bars was removed by sand 










Figure 4. 71. Corrosion current density of steel embedded in mortar for 300 hours. 
 



















































As received-1 As received-2 As received-3 Sand blasted-1 Sand blasted-2 Sand blasted-3
 
 168 
Figure 4. 73. Half-cell potential values of steel embedded in mortar for 300 hours. 
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The electrical resistance of mortar of the same proportions as those in Table 3.4, was 
monitored, by EIS technique, every 30 minutes for 300 hours and the results are shown in Figure 
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Results of Raman spectroscopy are shown in Figures 4.76 to 4.78 and the main Raman 
bands of reference iron oxide compounds are given in Table 4.6. 
Figure 4. 76. Raman spectra of steel with mill scale, as received. 
 
Figure 4. 77. Raman spectra of steel with mill scale , immersed in pore solution for 2 months. 















































































































































































Figure 4. 78. Raman spectra of sand blasted steel , immersed in pore solution for 2 months. 
 
Table 4. 6. Main bands of reference iron oxide compounds (in cm-1) [160-163]. 
Magnetite Hematite Maghemite 
Fe3O4 α-Fe2O3 γ-Fe2O3 
289 225 265 
319 247 300 
418 295 350 
550 412 395 
670 500 505 
 613 660 
 
The results show that the corrosion current density for both surface treatments drops to 
the expected value for the passive state (10-3 to 10-4 A/m2) [10] and stabilised after about 160 
hours (~ 7 days) in mortar and 70 hours (~ 3 days) in synthetic pore solution.  The half-cell 
potential values of the specimens embedded in mortar stabilized at about 70 hours (~ 3 days), 
while this time for specimens immersed in synthetic pore solution was about 45 hours (2 days).  
This difference may be attributed to the fact that the pH of the synthetic pore solution was high 
(~13.5) when the bars were immersed, whereas the pH of the mortar mixing water was initially 
 































neutral and increased over time as the mortar hydrated.   It has been shown that the passivity of 
steel increases with increasing pH [18] but, as discussed below, research has indicated that the 
pH in cement paste or mortar reaches a value of 13 very rapidly [164]. A second factor could be 
the greater mobility of ions in pore solution than mortar. 
The potential values for the specimens embedded in mortar showed dramatic changes 
within the first ~50 hours (~ 2 days) exhibiting a considerable negative shift in potential during 
the first ~10 hours, after which the potential rapidly became more anodic over the next ~40 hours 
and changed only gradually thereafter.  This is in contrast to the corrosion data which exhibited 
only a gradual decrease over a much longer period.  It is also in contrast to the variations in half 
cell potential values for specimens immersed in synthetic pore solution, which did not exhibit a 
negative shift but increased rapidly in the first ~ 20 hours and continued with a slow anodic shift 
thereafter. 
Several factors have been considered to explain this difference:  
• First is the pH of the environment which was constant at ~13.5 in the pore 
solution but increases from neutral water in the mortar.  However, studies [164] 
have shown that the pore solution in concrete reaches values of ~ 13 within 
approximately one hour of mixing the concrete.   
• Second, the resistivity of the concrete was considered as a factor.  Therefore, the 
electrical resistance of mortar was monitored, as shown in Figure 4.68.  It is clear 
that the mortar resistance increased with a relatively sharp slope within first ~15 
hours after casting, after which, the rate of increase decreased.  This, by itself, 
could not explain the half cell behaviour of the steel in mortar but is probably a 
contributory factor.  
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• Third, the rise in temperature of the mortar as it hardens was considered as a 
factor.  However, any temperature rise would influence the corrosion rate more 
than the half cell potential.  Again, temperature alone is not likely to be 
responsible for the observed changes in potential but, again is probably a 
contributing factor.      
 
A parameter which is dependent on all these factors, relative humidity, temperature, 
polarity of the environment and the mobility of the ions and charges in the medium, is the 
relative permittivity on the mortar [165].  The structural and chemical changes monitored by 
NMR [166, 167], pH measurements and electrical resistance measurements over the initial 
period of the casting would result in a change in the permittivity of mortar.   
The half-cell potential is a measure of the force field existing between the reference 
electrode, charge q1 and the rebar, charge q2. The potential force between these two electrical 






kF =                                         eq 4. 1 
 
where r is the distance between two charges (the cover depth) and k is called  the coulomb 
constant [168] (which is not constant during hydration).  In the present case, it can be assumed 
that q1, and r are constant and q2 and k are changing during hydration process.  k is related to the 
relative permittivity, εr, which describes how an electric field is disturbed by a dielectric medium 






=                                                    eq 4. 2 
The response of materials to external alternating fields generally depends on the frequency of the 
field. This frequency dependence reflects the fact that a material does not respond 
instantaneously to an applied field.  For this reason permittivity is often defined as a complex 
function of the frequency of the applied field.  Static permittivity is the response of a medium to 
static electric fields which can be obtained at low frequencies [169].  At these frequencies the 
phase shift becomes noticeable and it depends on temperature and the details of the medium such 
as the polarity of its components and its microstructure [169, 170]   
The solution in the pore system mainly determines the dielectric properties concrete. This 
solution can be a free liquid, for example in the capillary pores, or can be physically bound or 
chemically bound water. The different dielectric properties of the liquid and solid phases can be 
used to determine the changes in the microstructure of the cement paste.   The moisture content 
and its distribution is the main factor affecting the dielectric properties of the concrete [171].  For 
example, εr for water is ~80 and for dry concrete is ~4 [172].  Van Beek et al. [171] measured the 
permittivity of concrete for 160 hours by using a frequency of 20 MHz to generate an electrical 
field between two embedded stainless steel rods in concrete with a diameter of 10 mm and a 
length of 30 mm. 
A rapid increase in εr was observed in the first ~16 hours after casting for a concrete with 
w/cm=0.45, i.e. the same as in the present work.  Their results are shown in Figure 4.79, in 













Figure 4. 79. Permittivity of young concrete with ordinary Portland cement [171]. 
 
During hydration, the steel passivates in the high pH of the mortar resulting in a decrease 
in the potential charge, q2.  However, because a similar decrease in q2 would be expected for 
steel in synthetic pore solution, which does not exhibit a major change in half cell potential, it 
appears that changes in the permittivity with hydration dominate the changes in half cell 
potential in mortar, and presumably, also in concrete.   
The as-received steel (with the mill scale intact) generally shows a higher corrosion rate 
than sand-blasted steel but there is no consistency in half-cell potential values.  Moreover, all 
Ecorr values are between -350 and -200 mV CSE, which is within the range of “uncertainty of 
active corrosion” according to the ASTM C876 guidelines for interpretation of half cell potential 
data [173].   This indicates that the ASTM recommendations are not applicable to potentials in 
the earliest stages of passivation of the steel while the passive layer is being developed.  
It is also important to note that the half-cell potential values appear to reach “steady 
state” faster than the values of corrosion current density.  However, these “steady state” values 
are far more negative than those normally considered to represent the passive state of steel in 
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concrete or mortar and indicate that it takes considerably longer for the potential to attain a 
“true” passive value.  This is also the conclusion of observations in the field, where steel has 
taken more than three months to reach potentials more positive than -200 mV CSE [16].  This 
implies that it actually takes much longer for the steel to be fully passivated than is suggested by 
the corrosion rates determined here which, in fact, continued to decrease very slowly even after 
300 hours in solution or mortar. 
Comparison between Figures 4.75 and 4.76 and data from Table 4.6 reveals that, even 
after two months immersion in synthetic pore solution, the mill scales still exist on the as-
received samples, with no apparent change in their composition. As expected, there is no 
observable iron oxide on the surface of sand blasted steel bars (Figure 4.77) because a passive 
film is too thin to be detected by the Raman technique.   It should be noted that the scale of 
intensity axis in Figures 4.75 and 4.76 is different from that in Figure 4.77.   
 
4.1.8. Stern-Geary constant (B) 
 
As mentioned in section 2.3.2, the constants B = 0.026V for active and B = 0.052V for 
passive corrosion of steel in concrete have been used for many years without questioning them.  
In this project, values of B were determined by measuring βa and βc in different specimens.  To 
measure the anodic and cathodic Tafel constants, cyclic polarisation results from the 
measurements on different specimens in the lab were used.  While a cathodic Tafel slope could 
be measured, there is no sensible linearity of the anodic parts in most of the cyclic polarisation 
experiments; therefore to measure the value of βa the anodic data were derived from the linear 
cathodic portion of the curve.  The measured values of current which are given on the cyclic 
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curves are the net value.  This means that each point on the cathodic part of the curve is the 
difference between cathodic and anodic currents (inet,a=ic-ia) and each point on the anodic part of 
the curve is the difference between anodic and cathodic currents (inet,c=ia-ic).  To obtain the 
anodic portion from the cathodic one, the anodic current density (ia) can be calculated as 
ia=inet,c+ic.  In the potential region near half-cell potential, the extrapolated Tafel line gives ic, and 
the measured values (data points) give inet.  By using this method for a number of potentials, the 
anodic Tafel slope can be found and then the value of B can be calculated by using eq. 2.12.  












Figure 4. 80. Schematic illustration of obtaining ia, from ic and iapp, c. 
 
By using the aforementioned method, the value of B was calculated for different specimens with 
different scan rates and the results are shown in Table 4.7. 
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Table 4. 7. Value of B, calculated for different specimens. 
Specimen Scan rate (mV/s) βa(mV/decade) βc(mV/decade) B (mV) 
Specimen with transverse crack 0.01 486 271 76 
Specimen with transverse crack 0.1 474 299 80 
Specimen with longitudinal crack 0.01 480 263 74 
Specimen with longitudinal crack 0.1 534 261 76 
Specimen with longitudinal crack 0.5 297 219 55 
Carbonated specimen 0.1 247 466 70 
Segment 1 in beam A 0.006 914 225 79 
 
As shown in Table 4.7, the calculated values for B, based on different conditions, are 
between 55 and 80 mV.  These values are mostly for the steel bars that are actively corroding.  
These values are higher than 26 mV which is usually used to calculate the active corrosion rate.  
It should be noted that, originally, the B = 26 mV was validated for steel in saturated Ca(OH)2 
solution and it was found that this value for mortar is slightly higher [72].  However, the 
difference between the values in Table 4.7 and those which are traditionally used for the 
calculations is not large and using the actual values (given in Table 4.7) will not change the 
results significantly and the error factor would be less than 2 or 3.  Therefore, the idea of 
choosing 26 mV and 52 mV for active and passive corrosion of steel in concrete is considered 










4.2. RESULTS FROM FIELD MEASUREMENT 
 
4.2.1. Bridge at the University of Waterloo 
 
As mentioned in section 3.3.2.1., because epoxy coated rebars are used in the bridge 
deck, the measurements were only performed on two approaches.  The approaches are called A 
and B as in Figure 4.81.  The two approaches are corroded severely and rust areas are visible 
(Figure 4.82).  Also, delaminations and cracks were found in different parts of the two 
approaches which are shown in Figure 4.83.  The location and extent of the delaminations were 
determined with a chain drag followed by hammering as described in ASTM D 4580 [174].  The 
half-cell potential of the approaches was measured at six different times and the results are given 
in Figures 4.84 to 4.89 
 

















Figure 4. 82. Some of the rust spots (marked by black circles) on approach B of the bridge at campus of the 





















Figure 4. 84. Contour map of the half-cell potential measurements of the approaches A and B of the bridge at the 
University of Waterloo; March 06, 2005; T = -10oC, RH = 72%, cloudy. 
 
 
Figure 4. 85. Contour map of the half-cell potential measurements of the approaches A and B of the bridge at the 
University of Waterloo; May 25, 2005; T = +19oC, RH = 58%, sunny. 
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Figure 4. 86. Contour map of the half-cell potential measurements of the approaches A and B of the bridge at the 
University of Waterloo; August 22, 2005; T = +16oC, RH = 91%, sunny. 
 
 
Figure 4. 87. Contour map of the half-cell potential measurements of the approaches A and B of the bridge at the 
University of Waterloo; April 11, 2006; T = +17oC, RH = 40%, sunny. 
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Figure 4. 88. Contour map of the half-cell potential measurements of the approaches A and B of the bridge at the 
University of Waterloo; May 17, 2006; T = +14oC, RH = 92%, sunny. 
  
Figure 4. 89. Contour map of the half-cell potential measurements of the approaches A and B of the bridge at the 
University of Waterloo; August 22, 2006; T = +19oC, RH = 90%, sunny. 
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 In addition to half-cell potential measurements, the corrosion activity of the steel rebars 
and the concrete resistance in approach B were measured using the GalvaPulse™ at three 
different times and the results are shown in Figures 4.90 to 4.92.  The applied current and the 
time duration of all measurements were 100 μA and 10 second, respectively.  
Figure 4. 90. Corrosion current density (a) of the steel bars and concrete resistance (b) of approach B, measured by 
GalvaPulse™, August 22, 2005. 
 
Figure 4. 91. Corrosion current density (a) of the steel bars and concrete resistance (b) of approach B, measured by 
GalvaPulse™, April 11, 2006. 
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Figure 4. 92. Corrosion current density (a) of the steel bars and concrete resistance (b) of approach B, measured by 
GalvaPulse™, August 22, 2006. 
 
The half-cell potential contour maps of the steel rebars in the bridge at the University of 
Waterloo show that the potential map is changing over time.  It seems if the measurements 
performed at the same time in each year, the potential pattern would be more similar.  The 
weather history over the previous period i.e. longer than a few days has an effect on the potential 
map and it seems that moisture content of the concrete has the major role in term of the weather 
history of the structure.  Also, it should be mentioned that the potential values of all spots were 
more negative than -350mV vs. CSE at all times and the two approaches are actively corroding.  
Results from visual inspection and delamination tests on approach B show that degree of 
deterioration of this approach is higher than that of approach A.  In spite of the fact that the half-
cell potential contour map changes with time, generally, the potential patterns of approach B, 
shows more corrosion activity.  It is important to mention that the ambient temperature is the 
factor that can change the half-cell potential radically. 
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The corrosion current density and concrete resistance of approach B were also measured 
three times by the GalvaPulse™ and there is no consistency between measurements.  This can be 
due to calibration of the GalvaPulse™, because after the first time, it was realised that the 
GalvaPulse™ needs to be calibrated every month or before each measurement, whichever is the 
longer period.  Also it should be noted that the corrosion rates determined by the GalvaPulse™ 
are instantaneous rates at that specific moment and they are not constant and change over time. 
 
4.2.2. Victoria Street Bridge, Wingham, Ontario 
 
As described in section 3.3.2.2, the visited bridge was a 35 years old post-tensioned 
bridge with galvanised steel rebars.  The temperature during tests was about 5oC with 70% 
relative humidity.  Three types of tests were performed on the bridge: visual inspection, chain 
and hammer tests and corrosion tests. 
 
4.2.2.1. Visual inspection 
 
Visual inspection showed that there is no serious damage on the bridge deck.  Stains 
caused by corrosion of steel reinforced rebars were observed on the sidewalks.  No galvanised 
steel was used in that part of the bridge.  Some longitudinal cracks were observed on the bridge 
deck.  Scaling and pop-outs were also found on the bridge deck.  Figures 4.93 to 4.95 show the 








































Delaminated areas make a hollow sound when hit lightly by a mechanical device like 
hammer or chain.  In this inspection a heavy chain and a hammer were used to find the location 
of delaminated areas on the bridge deck according to ASTM D 4580 [174] and the results are 
shown in Appendix E.  Data of the progression of delaminations on the bridge was provided by 
MTO and is shown in Figure 4.96. 
 
 








































4.2.2.2. Corrosion measurement 
 
To evaluate the corrosion condition of the steel bars, half-cell potential (Cu/CuSO4) and 
galvanostatic pulse LPR (using the GalvaPulse™) techniques were used.  Also, MTO provided 
data of half-cell potential measurements which was performed in June, 1998.  A grid map was 
made for the bridge and measurements were done based on the map (Figure 4. 97). 
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Figure 4. 97. Grid map, used for corrosion measurements 
Half-cell potential measurements were carried out only in 3 rows (A, B and C) and 100 
metres due to time limitation.  LPR measurements with the GalvaPulse™ were done in just one 
row (row C) up to 100 metres.  Data obtained from half-cell in June 1998 by MTO and 
November 2004 by this author with MTO are presented in Figures 4.98 and 4.99 as contour 
maps.  The measurements are compared in Figure 4.100.  Figure 4.101, shows the results of 
corrosion current density, the concrete resistance measurements and half-cell potential for row C 
in November 2004.  The average of the corrosion potentials measured since 1975 was provided 
by MTO and is shown in Figure 4.102.  The half-cell potential values and the location of the 




Figure 4. 98. Half-cell potential contour map of galvanised steel rebars, measured vs. CSE, Victoria St Bridge, 




Figure 4. 99. Half-cell potential contour map of galvanised steel rebars, measured vs. CSE, Victoria St Bridge, 
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Figure 4. 101. Half-cell potential, corrosion current density and concrete resistance, measured by the GalvaPulse™, 
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Figure 4. 102. Average corrosion potentials of Victoria St. Bridge, Wingham. 
 
4.2.2.3. Chloride ion content 
 
MTO provided information for chloride ion content in 2004.  The test has been done 
according to MTO test method [175] and results are given in Table 4.8. 
Table 4. 8. Total chloride ions content in Victoria St. Bridge, Wingham. 
Distance from the top of the core Total Chloride Ion Content (%Cl- by weight of Concrete) 
0-10 mm 0.547 
10-20 mm 0.545 
20-30 mm 0.341 
30-40 mm 0.263 
40-50 mm 0.192 
50-60 mm 0.181 
Remarks: Reinforcing steel was approximately in the 40-60 mm depth 
 
4.2.2.4. Microscopic observation 
 
A piece of galvanised steel rebar, provided by MTO, was prepared and tested under 
optical microscope to identify different phases and Zn-Fe alloy layers and under Scanning 





































analysis.  Figure 4.103 shows images from optical microscopy and Figure 4.104 shows the SEM 
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Figure 4. 104. Galvanised steel rebar under SEM, (a) Back Scattered Electron (BSE) mode and (b) secondary 
















Results from visual inspection show that there is no serious damage on the bridge deck 
and because the bridge has not being repaired since it has been built, the cracks, scaling, and 
pop-outs are considered normal and they are not endangering the service life of the bridge. 
Results from hammer and chain test revealed that some parts of the bridge are suffering 
from delaminations and the percentage of the delaminated areas is increasing with time.  The 
development of the delaminated areas should be monitored to prevent the failure of the structure.  
Figure 4.95 shows that the rate of progression of the delaminations is also increasing.  
The most negative measured potential of the steel bars in the Wingham Street Bridge was 
-490 mV vs. CSE and the most positive measured potential was -190 mV vs. CSE, but, more 
than 60% of the half-cell potential values were more negative than -350 mV vs. CSE and 
according to ASTM C876, the probability of corrosion of most steel rebars in the Victoria Street 
Bridge deck is more than 90%!  However, it should be noted the recommended guidelines are for 
black steel not other types of embedded steel bars.  Yeomans [176] did a comparison between 
potential development in black steel and galvanised steel.  He found that at the beginning, both 
steels were passivated and their half-cell potentials were ~150 mV and -650 mV (versus CSE) 
for black steel and galvanised steel, respectively.  When the potential of black steel reached              
-550 mV, active corrosion was observed while at the same time the potential of galvanised steel 
was ~1050 mV.  This potential increased to about -600 mV over time.  His results indicated that 
in equivalent concrete exposure conditions, initiation of corrosion in substrate steel in galvanised 
steel is at least 4 to 5 times slower than the initiation of corrosion in black steel and zinc protects 
the steel, sacrificially.  Therefore, interpretation guidelines, recommended by the ASTM C876 
cannot be used for galvanised steel.   
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Comparison between the half-cell potential measurements performed in 1998 and 2004 
shows that the potential values of the rebars in 2004 and 1998 are very similar.   
The corrosion current density measured by the GalvaPulse™ show the maximum         
icorr = ~6 μA/m2 and the minimum icorr = ~1.4 μA/m2 which are higher than the values usually 
considered as passive corrosion current density for black steel.   
 Results of chloride analysis (Table 4.8) show that, generally, the amount of chloride is 
high in the bridge especially in the areas close to the rebars which is ~0.18% by weight of 
concrete.  Unfortunately, the mixture design of used in the bridge was not available and most of 
the data in the literature are based on percent of chloride by weight of cement.  If  it is assumed 
that ~ 15% of the weight of concrete is cement, then the chloride content of near the surface of 
the steel would be ~ 1.2% by weight of cement.  The acid-soluble chloride threshold value for 
steel in concrete is between 0.2 to 0.4 by weight of cement [27].  The chloride ions can 
depassivate the zinc and initiate the corrosion, but the chloride threshold in this case is higher 
than what can be tolerated by black steel.  The chloride threshold for corrosion of galvanised 
steel rebars is at least 4-5 times higher than that in black steel [177, 178].  It means that the 
chloride content of the Victoria Street Bridge is close to the threshold limit for galvanised steel.  
Therefore, it is better to monitor the Cl- content of the concrete, more frequently to have up to 
date information and idea about the internal environment of the concrete.    
Results obtained from optical microscopy and SEM show that the thickness of the 
galvanised coating is around 400 μm.  This thickness put the measured galvanised steel coating 
in grade 100 or more in ASTM A123 [179] which means that the tested galvanised steel rebar 
has more coating than required by the standard.  Metallographical observations confirmed the 
presence of different metallurgical phases: Gamma (Γ), Delta (δ) and Zeta (ζ), on the zinc 
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coating which can provide a tough, metallurgically bonded coating protection to the steel from 
the environment’s corrosive action.  The gap seen between Gamma phase and Delta phase is 
actually the Gamma1 phase (Γ1) which can not be identified, clearly.  No trace of Etta (η) phase 
which is pure zinc was found on the surface of the coating and it is due to corrosion reactions in 
the concrete environment during 35 years.   
 
4.2.3. Barrier walls, Renfrew 
 
Corrosion activity of the steel bars in ten barrier walls (with the approximate dimension 
of 6m X 0.8m for each wall) located on the south part of HWY 17 west of Ottawa, approximately 
2 km east of Renfrew, Ontario were checked.  On each wall, two points were examined: one in 
repaired and patched concrete and one in not repaired section of the wall.  The half-cell potential 
of each point was measured, using Cu/CuSO4 reference electrode and the corrosion current 
densities of the points were measured by the 3LP and the GalvaPulse™ with the guard ring on.  











Table 4. 9. Results of the corrosion measurements of the steel bars in barrier wall in HWY 17, Renfrew. 
Current density (μA/cm2) Spot Concrete condition Half-cell potential (mV) 3LP GalvaPulse™ 
Not patched -474 14.1 21.7 S1 Patched -495 1.8 1.5 
Not patched -492 4.3 5.2 S2 Patched -356 1.11 1.3 
Not patched -555 10.7 4.3 S3 Patched -544 8.9 7.4 
Not patched -588 14.8 10.9 S4 Patched -594 10 9 
Not patched -544 10.2 22.6 S5 Patched -439 1.3 7.6 
Not patched -659 26.2 32 S6 Patched -475 2.3 9 
Not patched -486 5.4 7.6 S7 Patched -595 6.2 17.7 
Not patched -482 1 4 S8 Patched -432 0.9 0.9 
Not patched -620 13.2 14 S9 Patched -351 1.1 1.9 
Not patched -662 21.4 34.5 S10 Patched -590 16.8 7.5 
 
 
The PARSTAT® 2263 was used to perform potentiostatic LPR, galvanostatic pulse 
technique, EIS and potentiodynamic cyclic polarisation.  Due to time limitation, these tests just 
applied on three spots: S6, S7 and S9 on not-patched areas.  However, among these tests, cyclic 
polarisation and galvanostatic LPR were the only techniques that gave reasonable results.  Figure 
4.105, shows the cyclic polarisation curve for spot S9.  The scan setup for the cyclic polarisation 
was as follows: 50mV below half-cell potential, up to +500mV vs. reference and return to           
-900 mV vs. reference with the scan rate of 5 mV/s with IR compensation mode off.  The counter 
electrode used for cyclic polarisation test was a ring with 70 mm diameter and for the 
calculations of corrosion current densities 70 mm was used as the length of the polarised area of 
the steel.  The comparison between the measured values by different techniques and equipments 




Figure 4. 105.  Cyclic polarisation curve for spot S9.  Arrow shows the direction of the return part of the curve. 
 
Table 4. 10. Comparison between corrosion current density and concrete resistance, measured by different 
techniques and equipment. 








S6 -659 26.2 32 9 600 634 
S7 -480 5.4 7.6 12 800 738 
S9 -620 13.2 14 6 700 693 
 
 
The half-cell potential values of the steel bars were all more negative than -350mV vs. 
CSE.  It should be noted the surface of the concrete walls were wetted before measurements, but 
the time provided for stabilising the potential was about 3-4 minutes which, based on 




















during the measurement (>30oC), more time after wetting was necessary before performing the 
half-cell potential test.   
The concrete resistance of the walls is low, which is reasonable due to exposure of the 
concrete to the chloride ions, from the splash of cars.  The corrosion current densities, measured 
by three techniques, show extremely high values which is consistent with the very negative 
potential measurements, and visual observations.  The shape and direction of the cyclic 
polarisation test even with a very fast scan rate (5 mV/s) shows the severity of corrosion of the 
steel bars.  If the corrosion rate is very high, all electrochemical measurements show similar 
results.  Due to high corrosion rates, the GalvaPulse™ was not able to carry out the measurement 
with the guard ring on.  Therefore, all the measurements with the GalvaPulse™ were performed 
without the guard ring and with an applied current of 200 μA.  This is another limitation of this 
instrument which should be considered.  Also, in this case, because of the known history of the 
structure and visible deterioration, it was obvious that the corrosion rate was very high and 
identifying the actual and accurate corrosion current densities was not essential.  This limitation 
could be problematic in the case of determining the remaining service life of a structure with no 
visible and apparent defects.   
 
4.2.4. Island Park Avenue Bridge, Ottawa 
 
The main purpose of these measurements was to investigate the effectiveness of a Sika 
FerroGard 903 migration inhibitor, produced by the Sika Company.  Based on the information 
provided by the manufacturer, this inhibitor “is a corrosion inhibiting impregnation coating for 
hardened concrete surfaces.  It is designed to penetrate the surface and then to diffuse in vapour 
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or liquid form to the steel reinforcing bars embedded in the concrete. Sika FerroGard 903 forms 
a protective layer on the steel surface which inhibits corrosion caused by the presence of 
chlorides as well as by carbonation of concrete” [180].  The measurements were carried out at 
two different times: September 07, 2006 (T=20oC and RH=60%) and October 03, 2006 (T=13oC 
and RH=95%).  A part of the east abutment of the bridge which was selected for the tests.  In that 
part the concrete was intact and no spalling was observed.  The measurements were performed 
on the selected points on the steel rebars shown in Figure 4.106. 
 
 





























The half-cell potential of each point was measured by Cu/CuSO4 reference electrode and 
the corrosion current density of five points (B-32, B-33, D-31.5, D-32.5 and D-33) was measured 
using the 3LP equipment.  Attempts were made to use the GalvaPulse™ for the measurements, 
but due to severe corrosion on the steel bars, the equipment was not able to perform the test.  
Also, the results obtained from potentiostatic LPR and EIS were not useful and they cannot be 
analysed.  The only other test which was successfully performed was cyclic polarisation.  
However, because of time limitations, the test was only carried out on point B-32.  The scan rate 
for the test was 5 mV/s.  Results of the measurements are given in Table 4.11 and the cyclic 
polarisation curves are shown in Figure 4.107. 
 
Table 4. 11. Half-cell potential and corrosion current density, obtained by the 3LP, of the selected points of the east 
abutment of Island Park Bridge, Ottawa. 
Half-cell potential Corrosion current density (μA/cm2)  
Sep. 07-2006 Oct. 03-2006 Sep. 07-2006 Oct. 03-2006 
A-31 -537 -533   
A-31.5 -543 -550   
A-32 -464 -496   
A-32.5 -454 -453   
A-33 -510 -460   
B-31 -533 -522   
B-31.5 -546 -533   
B-32 -483 -478 4.3 2.9 
B-32.5 -457 -481 15.4 8.6 
B-33 -405 -429   
C-31 -522 -522   
C-31.5 -494 -500   
C-32 -485 -487   
C-32.5 -478 -462   
C-33 -440 -449   
D-31 -522 -509 2.6 1.5 
D-31.5 -476 -475   
D-32 -478 -478   
D-32.5 -468 -438 5 4.9 
D-33 -441 -425 23 11 
E-31 -502 -495   
E-31.5 -467 -469   
E-32 -417 -425   
E-32.5 -443 -426   





Figure 4. 107. Cyclic polarisation curves for point B-32 with the scan rate of 5mV/s; assumed polarised length of the 
steel rebar = 70 mm.   Based on the obtained curves, the approximated corrosion current densities for both dates are 
~ 2μA/cm2.  
 
 
Visual inspection of the abutments showed spalling in several locations which were due 
to corrosion of the reinforcing steel bars.  The concrete cover depth in some spots was 
determined to be less than 20 mm.  This could be one of the reasons for such extreme 
deterioration due to steel corrosion. 
The half-cell potential values obtained from the measurement performed at two different 
times are more negative that -350mV vs. CSE.  The values measured during the second visit are 
slightly more positive (~4 mV on average).  This difference is negligible.  Also, the difference 
could be due to the ambient temperature and a relative humidity and precipitation at the time of 
the measurements.  Due to the extremely severe corrosion of the steel rebars, it was not possible 


















concrete resistance.  Cyclic polarisation tests were conducted in both visits at one location and 
the results show similar behaviour in both measurements (Figure 4.108).  As mentioned before, 
this bridge is suffering from severe corrosion and even with the fast scan rate (5 mV/s), used in 
this experiment, the shape of the curves represent the severity of corrosion.  The 3LP equipment, 
using galvanodynamic LPR technique, was also used to determine the corrosion current density.  
Results show that, in the second visit (after applying the inhibitor), the current density of most of 
the selected locations, decreased.  This is in contradiction with half-cell potential and cyclic 
polarisation measurements.  However, as mention during the discussion on the laboratory results, 
the values obtained by galvanodynamic LPR cannot be considered as the actual and accurate 
values, especially in the 3LP equipment, own by the MTO, which the current should be changed 
manually and also seems need to be calibrated and checked.   
Therefore, based on the obtained results, applying the inhibitor has no positive and 
protective effect after 3.5 weeks, which was claimed by the manufacturer as the appropriate 
required time for decreasing the corrosion rate up to 65% [180].  However, it is important to 
point out again that the Island Park Bridge is suffering from severe corrosion and controlling or 
reducing such a high corrosion rate is not an easy task.  The level of deterioration is critical and 
the Ministry plans to replace the bridge very soon. 
 
4.2.5. General observations for the field tests 
 
 In general, galvanodynamic LPR (3LP equipment, and PARSTAT® 2263) and 
galvanostatic techniques (GalvaPulse™ and PARSTAT® 2263), were used successfully in the 
field.  The exception was the inability of the GalvaPulse™ to measure very high corrosion rates.  
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In these techniques, a current is applied to the rebar and would take the shortest resistance path to 
the bar rather than attempting to polarise the whole bar. 
 In contrast, the small amplitude potential-controlled techniques (potentiostatic LPR and 
EIS), were not successful.  For EIS, this is attributed to the area of the polarised steel changing 
with the frequency and as a result, calculation of the Rp is not possible [155].  However, another 
hypothesis applicable for both techniques is the size difference between the counter electrode 
and the working (which in a structure could be tens of metres of rebars) and consequently, the 
incapability of the potentiostat to create the required potential difference between the counter and 
working electrodes.  It was possible to obtain a full cyclic potentiodynamic polarisation curve, 














CHAPTER 5, SUMMARY, CONCLUSIONS, 
RECOMMENDATIONS AND FUTURE WORKS 
5.1. SUMMARY AND CONCLUSIONS 
 
• Although, variations in the half-cell potential values of the all specimens in the lab were 
observed, in most, but not all cases, when the steel bars were corroding actively, the half-cell 
potential values were more negative than -350 mV vs. CSE.  The lack of clear correlation can 
be attributed to the fact that both half-cell potential and corrosion current density respond 
differently to the same variables.  It has also been reported that the oxide layer composition 
changes with time and for the same corrosion rate a different age of the oxide layer may 
cause different half-cell potential [155].   
• The half-cell potential measurements in the field show more variations than those in the lab.  
The potential contour maps of a bridge deck changes significantly due to different weather 
conditions.  It was observed that the potential maps obtained at the same time of the year in 
different years show relatively similar behaviour but that they were significantly different at 
different seasons.  This was also reported by the MTO staff [181].  
• It is essential to wet the concrete surface and provide enough time to stabilise the potential.  
The estimated time is ~15 minutes.  During this period, the surface should be kept 
completely wet.  This is more important in the field with high evaporation rate due to high 
temperature and wind. 
• The distance of the reference electrode to the surface of the steel bar has negligible effect on 
the measured value of half-cell potential in the laboratory.  This is indicative of the relatively 
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constant environment in the lab which provides low concrete resistance and therefore, this 
should not be extrapolated to field measurement. 
• It is essential to emphasise the ASTM C876 recommended guidelines are for carbon steel 
(black steel) rebars in concrete and they should not be applied to the other types of steel such 
as galvanised steel bars.  Thermodynamically, the half-cell potential values for galvanised 
steel could be ~1000 mV vs. CSE in the passive state [18].  This potential may mislead the 
investigators during the inspection.  Therefore, knowledge of the type of reinforcing bar is 
essential for appropriate interpretation of the potential.  Also it is important to mention that 
the chloride threshold for corrosion of galvanised steel is generally considered 4-5 times 
higher than that for black steel. 
• As mentioned before, relative permittivity is the parameter which is dependent on: relative 
humidity and the temperature as well as the polarity, mobility and the charge of the ions in 
the material.  Also, corrosion activity alters the half-cell potential value.  As a result, 
changing of these two factors is responsible for the observed potential values.  In the case of 
the approaches to bridge at the campus of University of Waterloo, changing the corrosion 
condition of the reinforcing bars is not likely to be the main reason of the changes in half-cell 
potential contour map because the bars were severely corroding at the time of each of the 
measurements.  It is concluded, therefore, that changes in the relative permittivity are the 
main reason for seasonal variations in the potential map.   
• Gravimetry shows that potentiostatic LPR is the most reliable measuring technique compare 
with the techniques evaluated in the laboratory.  Results obtained from the potentiostatic LPR 
technique have less variation for all specimens. 
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• Results from corrosion measurements show that steel bar in mortar and pore solution needs 
time for passivation.  This time in mortar is about 7 days and in pore solution is about 3 days.  
It can be assumed that this time in concrete structures is automatically provided because 
chloride ions need time to penetrate the cover and reach the surface of the steel.  Therefore, 
even in pore solution, it is recommended that steel be kept for at least a week before adding 
chloride to the solution. 
• It is clear from the data shown in Section 4.1.7 that it is inappropriate to conduct laboratory 
studies of steel in concrete to which chlorides have been added at the time of mixing.  If 
chlorides are add at the time of mixing, the steel does not have enough time to passivate and 
consequently, the chloride threshold value, corrosion products and the type of corrosion 
(localised or more uniform) would be different from those in which Cl- penetrates the 
hardened concrete.  The exception would be when the intention is to study the behaviour of 
embedded steel in concrete with chloride-contaminated components.   
• Generally, as received steel bars with mill scale show higher corrosion current density than 
sand blasted ones, but there is no such trend in half-cell potential values.   
• Since specimens with cracks were actively corroding, no significant difference in potential 
values was observed during the test period.  Half-cell potential values of the specimens with 
30 mm cover depth, tended to be more negative. 
• The corrosion current density of the steel bars in specimens with different variables measured 
by the potentiostatic LPR show that those with longitudinal cracks had highest corrosion rate 
while those with 50 mm and 70 mm cover, remained passive throughout the test period. The 
carbonated specimens and those with 30 mm cover, showed active corrosion.  The autopsy of 
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the specimens confirmed the results, obtained by the electrochemical measurements. 
Chloride analysis confirmed the presence of chloride in all the corroded locations. 
• The GalvaPulse™ shows higher corrosion rate values compare to the other techniques.  
Experimental results show that the guard ring not only cannot limit the polarised area, but 
also it increases the polarised length of the steel.  Based on the observations and 
measurements in the lab, 50 μA applied current, can polarised up to 500 mm of the length of 
the steel rebar, when the guard ring is off, while this length would about more than a metre 
with the guard ring on.  Therefore using the recommended value of 70 mm as the polarised 
length is not realistic and will cause error in the calculations.  It is also recommended to use 
the GalvaPulse™ without the guard ring.   
• When the corrosion rate is more than 4 μA/cm2, (measured by the potentiostatic LPR) the 
GalvaPulse™ is not capable of performing the measurements and this is one of its major 
limitations.   
• Maintenance of the GalvaPulse™ unit is another important factor without which the results 
are not reliable.  The pulse generator unit of the GalvaPulse™ must be calibrated every 
month or before each measurement, whichever is the longer period.  Also, after each set of 
measurements, the electrode assembly unit must be cleaned thoroughly, preferably with 
distilled water, and dried.  It is important not to immerse the electrode assembly unit in water 
because this may damage the electrical connections.  Both counter and guard ring are made 
of zinc and after some time, especially with exposure to salt water, the zinc becomes covered 
with some white corrosion products.  Thus, the surface of the electrodes should be cleaned 
and the corrosion product removed by sand paper. 
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• Cyclic polarisation is one of the most informative electrochemical techniques.  Information 
such as half-cell potential, corrosion current density, susceptibility to pitting, prediction of 
protecting potential and severity of corrosion can be obtained by using this technique.  This 
test was used successfully in the laboratory as well as in the field.  However, it is necessary 
to use a sufficient slow scan rate in order for the detailed features of the corrosion process to 
be observed.  To determine the appropriate scan rate, the second break point in the Bode plot 
is recommended as described in Chapter 2. 
• EIS is the other technique that was used effectively in the laboratory but efforts to perform 
the test in the field were not successful.  EIS can provide unique information about the 
surface condition of the steel.  In this project, in addition to its application for determination 
of the scan rate for cyclic polarisation test, EIS was used to find the polarisation resistance of 
the rebar and concrete resistance.  This technique gives the concrete resistance in less than 
one minute with relatively accurate values.  The frequencies between 1 MHz and 10 mHz are 
sufficient for the concrete resistance measurements. 
• The galvanodynamic LPR can be used in both laboratory and in the field.  This is a relatively 
fast measurement method; however the measured corrosion current density values are higher 
than those values measured by the potentiostatic LPR technique.  This is a good technique for 
comparison purpose, but it is not recommended for prediction and modelling the remained 
service life of the structure. 
• The values of Stern-Geary constant were measured during this project for different 
conditions.  Results show that the differences between the measured values and the values 





• It is essential to wet the concrete surface thoroughly and provide enough time to stabilise 
the potential.  Also, refreshing the Cu/CuSO4 reference electrode, as recommended by 
ASTM C876, is essential. 
• It is important to check the half-cell potential contour map and not the actual potential 
values.  This is because a corrosion current flow requires a potential gradient which is 
most easily detected on a contour map. 
• As mentioned before, performing the half-cell potential measurement at the same time in 
each year provides relatively similar potential map.  Therefore, it is recommended to do 
the regular inspection at the same time, and preferably, in the same weather conditions. 
• Because the Wenner technique is very dependant to the surface condition of the concrete, 
the galvanostatic pulse technique is recommended for measuring the concrete resistance 
in the field. 
• Using the guard ring in the GalvaPulse™ is not recommended.  The length of the 
polarised steel should not be considered 70 mm, as suggested by the GalvaPulse™ 
manufacturer and it depends on the applied current. 







5.3. FUTURE WORK 
 
• Since no active corrosion was observed on the specimens with 50 mm and 70 mm cover 
depth, the effect of different cover depths could not being investigated clearly.  Also, the 
specimens in the lab were kept wet during the experiment period.  Therefore, performing 
more measurements may provide useful information regards the electrochemical techniques, 
especially, half-cell potential. 
• There are tendencies to use different types of steel, such as stainless steel and galvanised 
steel in reinforced concrete structures.  Since the half-cell potential is the most widely used 
technique for evaluation the condition of the steel bars, research is necessary to establish 
guidelines to interpret the results obtained from half-cell potential measurements on different 
types of steel.  
• Relative permittivity involves all the other environmental factors such as temperature, 
relative humidity, moisture content and concrete resistance; measuring this parameter and 
correlating it to the half-cell potential measurement through a model could solve the 
inconsistency of the potential measurements.  To correlate the permittivity of concrete of the 
electrochemical measurements, more reinforced concrete specimens with reasonable size 
should be cast and the permittivity and corrosion activity of the rebars should be monitored 
with time. 
• To determine the polarised area using the GalvaPulse™, long beams (~ 1.5 metres) can be 
used with two different covers: (i) typical recommended concrete cover depth which is 70 ± 
20 mm on top of the rebar and (ii) a layer of cement paste on the beneath of the steel bar.  
This design will provide enough length of steel and realistic concrete cover on top.  On the 
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other hand, the small layer of cement paste on the bottom minimised the effect of cover depth 
on the monitoring process.  The half-cell potential and corrosion current density of the 
different locations of the steel can be monitored by different electrochemical techniques from 
the side with the thin cement paste layer and the results can be compared with those that will 
be obtained from using the GalvaPulse™ on the top. 
• The uniformity and magnitude of the applied current under the counter electrode of the 
GalvaPulse™ is the other issue that needs to be investigated in the future. 
• Determining the actual corroded area of steel is important in the interpretation of the results 
from the electrochemical measurements.  Research should be conducted to find this area, 
accurately.  Techniques such as infra red spectroscopy, magnetic particle tests, eddy current 
and ultrasound method have the potential to identify the actual localised corroded areas of the 
rebar.                                 
• In the GalvaPulse™ the current applied on both guard ring and the counter electrodes has the 
same sign.  Study the behaviour of the polarised area of the steel bar when the current signs 
change would be very interesting research which may lead to overcome the problem of 
determining the correct polarised area. 
• As mentioned before, the GalvaPulse™ is not capable to perform the measurements when the 
corrosion rates are high.  The reason for this is not known at this time.  This is one of the 
major limitations and needs to be investigated and eliminated. 
• Experiments show that the corrosion currents calculated from the results of the 
galvanodynamic LPR test are generally higher than those obtained from the potentiostatic 
LPR technique.  Since this technique can be used successfully in the field, this problem needs 
to be investigated and solved.   
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• The automatic measuring system and software programme developed as part of this project 
has the capability to be used in the field as well as in the laboratory.  The measuring unit can 
be made embeddable and all the measurements could be done remotely.  For that purpose, 
the software needs to be modified in a way to be able to communicate to the measuring units.  
Also, by applying some modifications to the programme and by using the LabVIEW PDA®, 
data can be saved in handheld devices.  Combining this system with a low price home-made 
potentiostat could provide an affordable on-site monitoring system for corrosion in 
reinforced concrete structures.  In that case, a wireless system can be designed and installed 
in a close chamber in the concrete and monitoring can be performed by advanced system 
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The potentiostat has two tasks: To measure the potential difference between working 
electrode and reference electrode without polarising the reference electrode, and to compare the 
potential difference to a preset voltage and force a current through the counter electrode towards 
the working electrode in order to counteract the difference between preset voltage and existing 
working electrode potential [182]. 
A simple potentiostat does this by using optional amplifier.  The term operational 
amplifier or "op-amp" refers to a class of high-gain1 [183] DC coupled amplifiers with two 
inputs and a single output: an inverting (-) input and a non-inverting (+) one [93].  Figure A.1 








Figure A. 1. General symbol of an optional amplifier [184]. 
 
  If a voltage (current) feed into a non-inverting input of an op-amp, an amplified voltage 
(or current) of the same magnitude and sign will be produced by the op-amp.  On the other hand, 
                                               
1The ratio of the output voltage (relative to the mid-point of the power supply) to the difference between the 
voltages at the non-inverting and the inverting inputs. The gain is specified for dc voltages (it is typically constant 




if a voltage (current) feed into the inverting input, an amplified voltage (or current) of the same 
magnitude, but of opposite sign will be produced.   
To keep the output voltage almost exactly the same as the input voltage, the inverting 








Figure A. 2. Schematic plan of an optional amplifier (op-amp), when the inverting input and output are connected.  
The output of this circuit will be the input voltage. 
 
The voltage at the output is fed back to the inverting input, so the amplification is 
controlled by the difference between the V(+) and the V(output).  If the V(+) increased, the difference 
between V(+) and V(-) would become positive, which would cause the output voltage to increase 
until Voutput = V(+).  If V(+) decreased, the difference between V(+) and V(-) would become 
negative, which would cause the output to decrease. The only stable point for the circuit occurs 
when Voutput = V(+) [184].  Therefore, increasing the voltage on the inverting input (-) forces a 
corresponding current on the output, which cancels out the input voltage difference.  The 
properties of such an optional amplifier are the basic of potentiostat. 
Now, assume that the working, reference and counter electrodes of an electrochemical 
cell are connected to the non-inverting (+) input, the inverting (-) input and the counter the 





output, respectively (Figure A.2).  The difference between working and reference electrodes will 
be amplified and inverted by the op-amp.  A matching current is fed to the counter electrode. The 
control circuit is closed by the cell and the current passes from the counter electrode to the 
working electrode through the electrolyte. This polarises the working electrode in a way that the 











Figure A. 3.  Using an optional amplifier as potentiostat [182]. 
 
The explained circuit keeps the potential of the working and reference electrodes the 
same.  If a potential shift of the working electrode respect to the reference electrode is required, a 
known voltage should be applied to the working electrode.  To measure the current through the 
counter electrode, a resistor should be inserted in the counter electrode wiring.   A voltage, 












Figure A. 4. A potentiostat with potential control [182]. 
 
In a real potentiostat some additional elements are required.  The reference electrode 
input is commonly protected by an input resistor.  When the input is open, this resistor protects 
the reference electrode from being destroyed by static high voltage shocks.  Another element 
which is very important is called a phase correction capacitor.  With increasing the frequency, 
the gain of the amplifier decreases while the phase shift of the amplifier increases.  A sine wave 
fed into the inverting input is counteracted at the output at low frequencies. However, at a critical 
frequency, the internal phase shift of the amplifier reaches 180°, and as a result, the output signal 
is in phase with the input signal. The potentiostat then acts as an oscillator, oscillating at full 
power.  The phase correction capacitor prevents this breakdown, by keeping the phase stable 
within the designated frequency range.  Figure A.5, shows a schematic scheme of a potentiostat 






































































































































































Half-cell potential, corrosion current density and concrete resistance values of 














Half-cell potential (mV) measured versus Cu/CuSO4 reference electrode. 
 
 
 March 06, 2005, T=-10oC, RH=72%, cloudy  
 1 4 7 10 13 50 53 56 59 62 
5 -470 -480 -500 -456 -405 -450 -545 -634 -563 -554 
7 -470 -540 -520 -464 -395 -445 -633 -546 -576 -582 
10 -450 -450 -486 -609 -435 -534 -586 -561 -546 -517 
13 -470 -425 -540 -411 -450 -390 -406 -536 -610 -572 
16 -485 -505 -514 -464 -420 -379 -446 -623 -654 -614 
 
20 -500 -443 -512 -476 -365 -316 -390 -545 -596 -512 
 Approach A Approach B N 
 
 
 May 25, 2005; T=+19oC, RH=58%, sunny  
 1 4 7 10 13 50 53 56 59 62 
5 -546 -547 -553 -649 -560 -640 -533 -620 -533 -620 
7 -549 -537 -555 -591 -469 -614 -646 -631 -646 -631 
10 -552 -525 -611 -640 -520 -593 -612 -573 -612 -573 
13 -561 -531 -636 -587 -568 -563 -600 -560 -600 -560 
16 -567 -557 -565 -530 -497 -599 -596 -600 -596 -600 
 
20 -562 -557 -570 -538 -495 -546 -591 -553 -591 -553 
 Approach A Approach B N 
 
 
 August 22, 2005; T=+16oC, RH=91%, sunny  
 1 4 7 10 13 50 53 56 59 62 
5 -517 -567 -515 -604 -519 -509 -591 -625 -562 -607 
7 -528 -568 -636 -555 -555 -498 -563 -585 -610 -589 
10 -560 -470 -554 -584 -529 -544 -574 -560 -584 -531 
13 -534 -515 -513 -608 -485 -482 -465 -557 -561 -564 
16 -544 -565 -538 -514 -493 -527 -503 -656 -521 -655 
 
20 -566 -582 -507 -506 -533 -431 -490 -589 -624 -575 








 April 11, 2006; T=+17oC, RH=40%, sunny  
 1 4 7 10 13 50 53 56 59 62 
5 -545 -556 -568 -657 -565 -644 -606 -600 -599 -560 
7 -554 -578 -631 -610 -467 -658 -613 -598 -605 -555 
10 -538 -497 -545 -648 -426 -585 -587 -578 -599 -580 
13 -518 -500 -579 -632 -496 -583 -557 -576 -580 -600 
16 -532 -542 -542 -513 -500 -621 -592 -613 -574 -577 
 
20 -554 -515 -550 -536 -469 -601 -658 -578 -589 -592 
 Approach A Approach B N 
 
 
 May 17, 2006; T=+14oC, RH=92%, sunny  
 1 4 7 10 13 50 53 56 59 62 
5 -572 -596 -568 -591 -514 -503 -555 -609 -654 -628 
7 -560 -531 -538 -564 -467 -547 -534 -612 -635 -607 
10 -550 -540 -564 -630 -495 -592 -568 -587 -574 -544 
13 -546 -530 -632 -647 -556 -503 -529 -505 -626 -605 
16 -557 -527 -545 -520 -497 -464 -523 -586 -638 -631 
 
20 -574 -528 -552 -553 -449 -431 -493 -545 -678 -610 
 Approach A Approach B N 
 
 
 August 22, 2006; T=+19oC, RH=90%, sunny  
 1 4 7 10 13 50 53 56 59 62 
5 -520 -530 -515 -555 -500 -500 -500 -565 -579 -555 
7 -525 -525 -515 -525 -450 -515 -530 -545 -630 -560 
10 -525 -455 -550 -585 -480 -565 -550 -500 -565 -535 
13 -535 -470 -620 -600 -545 -440 -450 -590 -575 -560 
16 -510 -540 -530 -490 -460 -440 -480 -575 -595 -620 
 
20 -520 -560 -540 -540 -440 -440 -540 -530 -643 -550 









Corrosion current density (μA/cm2) and concrete resistance (kΩ), measured by GalvaPulse™ 
 
 August 22, 2005; T=+16oC, RH=91%, sunny  
 50 53 56 59 62 50 53 56 59 62 
5 2.28 0.98 3.1 2.6 2.4 2.6 2.2 1.8 1.7 2.2 
7 1.54 1.48 2.6 2 4 3 2.2 1.7 2.5 2.3 
10 1.58 2.6 5.9 1.7 1.35 1.5 2.2 1.8 2.6 3 
13 1.56 1.4 1.89 1.96 1.05 2.3 3.3 2.2 2.3 2.8 
16 2.31 3.3 1.68 3.3 0.98 1.6 2.1 2.3 2.1 3.8 
 
20 1.02 1 1.56 3.4 2.5 2.3 3 2.1 2.3 3.41 
 Approach B, Corrosion current density Approach B, Concrete resistance N 
 
 
 April 11, 2006; T=+17oC, RH=40%, sunny  
 1 4 7 10 13 50 53 56 59 62 
5 7 6.8 10.9 15.99 12 2 1.5 1.2 1.2 1.5 
7 9.3 11.4 8.44 13.77 14 1.5 1.2 1.1 1.3 2 
10 12.5 12 7.7 4.6 6 1.4 0.9 1.5 2.1 2 
13 9.25 9.6 12.3 4 3.5 1.8 1.1 1.1 1.7 1.5 
16 10.8 11.6 12.5 7 8 1.3 1 1.1 1.2 1.4 
 
20 5 4.68 8.4 15 10 1.8 1.6 1.2 1.1 1 
 Approach B, Corrosion current density Approach B, Concrete resistance N 
 
 
 August 22, 2006; T=+19oC, RH=90%, sunny  
 1 4 7 10 13 50 53 56 59 62 
5 4.8 1.9 2.3 11.5 5.3 2.2 1.5 1.8 0.9 0.7 
7 4 8.4 3.5 5.4 4.4 2 1.6 1.1 0.9 1.1 
10 4 3.6 3.4 7.9 2.45 1.1 1.4 1 1.1 1.3 
13 1.84 3.3 8.6 11 5.6 1.8 1.3 0.9 1.3 1.2 
16 3.1 5 4 13.5 3.6 1.5 1.3 0.9 1.1 1.1 
 
20 3.9 4.9 5.8 5.1 2.2 2 1.5 1.8 0.9 1.9 















Calculations of the corrosion current density, using the results from 
potentiostatic LPR test, and the data obtained for the beams with segmented 
steel bars and the specimens with different variables
 
 252 
Figures D.1 and D.2 show the measured current curves for segments A4 and A2, after 





Figure D. 1. Resultant current curve after performing potentiostatic LPR test on segment A4 (active corrosion); 120 










Figure D. 2. Resultant current curve after performing potentiostatic LPR test on segment A4 (passive corrosion); 






































Δi= ~52 µA 
Δi= ~5 µA 
 
 253 
The calculations for determining the corrosion current density for these segments are as follows 
and show the typical calculations that have been used to calculate the corrosion current density in 
all the potentiostatic LPR measurements. 
 
Segment A4: 
Rp = ΔV/Δi = 0.04 V / 0.000052 A = ~765.6 Ω 
Corrosion current = I = B/Rp = 0.026 / 765.6 = ~0.0000034 A = 34 µA 
Corrosion current density icorr = I/area = 34 µA / 21.98 cm2 = 1.54 µA/cm2 
 
Segment A2: 
Rp = ΔV/Δi = 0.04 V / 0.000005 A = ~7871 Ω 
Corrosion current = I = B/Rp = 0.052 / 7871 = ~0.0000066 A = 6.6 µA 
Corrosion current density icorr = I/area = 6.6 µA / 21.98 cm2 = 0.3 µA/cm2 
 
The corrosion current density values for the beams with segmented steel bars and the specimens 










Table D. 1. Corrosion current density values of steel segments in beams A and B. 
Corrosion current density (μA/cm2) Weeks 
after 
casting A1 A2 A3 A4 B1 B2 B3 B4 
4 1.43 0.20 1.70 1.55 0.17 1.49 1.50 1.54 
5 1.20 0.24 1.78 1.50 0.15 0.86 1.50 1.81 
6 1.79 0.32 1.89 1.40 0.15 0.90 1.60 2.04 
7 1.89 0.23 1.78 1.49 0.14 0.79 1.39 1.63 
8 1.50 0.20 1.70 1.50 0.12 0.75 1.50 1.70 
9 1.60 0.19 1.71 1.40 0.11 0.75 1.68 2.18 
11 1.64 0.14 1.60 1.65 0.08 0.73 2.03 1.84 
13 1.74 0.14 1.61 1.30 0.12 0.80 2.00 2.10 
15 1.00 0.14 1.44 1.50 0.09 0.73 1.84 2.28 
17 0.95 0.16 1.46 1.60 0.26 0.83 1.86 2.39 
19 0.86 0.07 1.67 1.63 1.63 0.54 1.59 2.08 
23 1.38 0.05 0.68 1.63 1.60 0.39 1.57 1.97 
26 1.20 0.04 1.00 1.81 1.25 0.43 1.35 1.56 
31 0.57 0.03 1.56 1.80 1.80 0.38 0.78 0.97 
37 0.60 0.03 0.11 1.70 0.88 0.12 1.51 0.84 
41 0.80 0.05 0.11 1.43 1.15 0.85 1.45 1.37 
46 0.98 0.04 0.08 1.39 0.72 0.74 0.92 0.96 
52 0.70 0.11 0.11 1.34 0.91 0.37 0.90 0.97 
54 0.61 0.04 0.08 1.32 0.86 0.42 1.13 0.96 
60 0.47 0.04 0.06 1.29 0.76 0.28 1.45 0.88 
61 0.42 0.07 0.05 1.21 0.71 0.28 1.44 0.97 
63 0.58 0.04 0.04 1.08 0.94 0.29 1.16 1.10 
66 0.72 0.03 0.04 1.12 0.71 0.24 1.30 0.86 
69 0.58 0.04 0.04 1.08 0.94 0.29 1.16 1.10 
77 0.60 0.04 0.04 1.27 0.70 0.29 1.54 1.39 
80 0.56 0.06 0.04 1.24 0.67 0.23 1.48 1.72 
84 0.59 0.04 0.04 1.15 0.73 0.19 1.52 1.74 
87 0.60 0.05 0.04 1.40 0.56 0.19 1.38 1.95 
90 0.55 0.05 0.04 1.28 0.90 0.22 1.57 1.76 
93 0.50 0.04 0.04 1.52 0.80 0.16 1.52 1.48 
99 0.48 0.04 0.04 1.33 0.70 0.16 1.58 1.24 
104 0.40 0.04 0.03 1.26 0.80 0.15 1.55 1.06 
108 0.32 0.03 0.03 1.32 0.85 0.07 1.53 1.06 
116 0.31 0.04 0.04 1.42 0.64 0.07 1.29 1.06 






Table D. 2. Corrosion current density values of steel segments in beams C and D. 
Corrosion current density (μA/cm2) Weeks 
after 
casting C1 C2 C3 C4 D1 D2 D3 D4 
4 0.88 0.53 0.84 0.63 0.22 0.81 0.43 0.62 
5 0.58 0.70 0.78 0.82 0.96 0.07 0.59 0.13 
6 1.00 0.27 0.78 0.78 0.63 0.49 0.44 0.27 
7 0.88 0.15 0.50 0.82 0.73 0.89 0.94 0.26 
8 0.69 0.12 0.45 0.96 0.62 0.22 0.81 0.19 
9 0.84 0.69 0.58 0.54 0.20 0.42 0.81 0.11 
11 0.16 0.20 0.33 1.28 0.42 0.94 0.23 0.03 
13 0.40 0.21 0.28 1.28 0.99 0.40 0.04 0.06 
15 0.16 0.20 0.29 1.29 0.38 0.76 0.03 0.02 
17 0.19 0.21 0.12 1.16 0.45 0.70 0.03 0.02 
19 0.06 0.07 0.23 1.04 0.15 0.13 0.18 0.01 
23 0.10 0.07 0.37 0.97 0.11 0.28 0.02 0.01 
26 0.21 0.14 2.82 0.94 0.23 0.23 0.02 0.94 
31 0.16 0.04 1.80 0.45 0.24 0.23 0.01 0.64 
37 0.11 0.03 1.77 0.67 0.14 0.14 0.01 0.97 
41 0.15 0.06 2.34 0.82 0.17 0.18 0.01 1.23 
46 0.09 0.05 0.91 0.82 0.14 0.14 0.01 0.96 
52 0.11 0.17 1.45 0.54 0.23 0.39 0.01 0.01 
54 0.11 0.11 1.70 1.28 0.08 0.06 1.54 0.56 
60 0.10 0.10 2.12 1.34 0.05 0.05 1.03 0.51 
61 0.09 0.09 2.20 1.37 0.06 0.05 0.07 0.60 
63 0.12 0.13 1.99 1.22     
66 0.09 0.09 1.93 1.21     
69 0.12 0.13 1.99 1.22     
77 0.06 0.05 0.01 1.10     
80 0.06 0.05 0.00 1.02     
84 0.13 0.05 0.00 1.00     










Table D. 3. Corrosion current density values of steel segments in beam C. 




casting E1 E2 E3 E4 
4 0.37 0.81 2.15 2.81 
5 0.78 0.24 2.46 2.66 
6 0.77 0.68 2.42 2.50 
7 0.91 0.43 2.08 2.12 
8 0.32 0.81 2.94 2.03 
9 0.95 0.40 2.28 2.99 
11 0.86 0.41 2.73 1.54 
13 0.54 0.70 2.60 1.98 
15 0.92 0.27 2.64 1.71 
17 0.22 0.43 2.64 1.97 
19 0.12 0.13 2.21 1.47 
23 0.45 0.25 2.59 1.55 
26 0.46 0.49 2.44 1.49 
31 0.40 0.50 1.97 1.16 
37 0.16 0.17 1.62 0.90 
41 0.13 0.13 1.89 1.30 
46 0.11 0.10 1.75 1.13 
52 0.24 0.23 1.75 1.25 
54 0.21 0.15 2.02 1.24 
60 0.13 0.13 1.97 1.21 
61 0.80 0.16 1.94 1.12 
63 0.09 0.09 2.02 1.27 
66 0.09 0.10 2.04 1.25 
69 0.13 0.15 1.95 1.18 
77 0.30 0.11 2.10 0.72 















































































































































































































































































































































































































































































































































































































































































































To calculate the mass loss from electrochemical measurement data, the Faraday’s law 













• m = mass (g) 
• S = area under the curve (time X current)(second.m2) 
• A = surface area of the rebar (m2) 
• a = atomic weight of iron = 55.84 g 
• n = number of electrons = 2 










Table E. 1. Mass loss determined by gravimetry and calculated by using electrochemical data, beam A. 
Mass loss (g) A1 A2 A3 A4 
Potentiostatic LPR 0.34 0.03 0.19 0.65 
GalvaPulse™ 0.84 0.21 0.5 1.16 
Gravimetry 0.26 0.05 0.26 0.5 
 
Table E. 2. Mass loss determined by gravimetry and calculated by using electrochemical data, beam B. 
Mass loss (g) B1 B2 B3 B4 
Potentiostatic LPR 0.36 0.17 0.8 0.69 
GalvaPulse 0.46 0.36 0.95 0.76 
Gravimetry 0.39 0.1 0.85 0.71 
 
Table E. 3. Mass loss determined by gravimetry and calculated by using electrochemical data, beam C. 
Mass loss (g) C1 C2 C3 C4 
Potentiosatic LPR 0.07 0.04 0.37 0.42 
GalvaPulse 0.2 0.18 0.95 0.54 
Gravimetry 0.05 0.08 0.46 0.5 
 
Table E. 4. Mass loss determined by gravimetry and calculated by using electrochemical data, beam D. 
Mass loss (g) D1 D2 D3 D4 
Potentiosatic LPR 0.06 0.08 0.06 0.11 
GalvaPulse 0.27 0.28 0.22 0.29 
Gravimetry 0.04 0.09 0.45 0.44 
 
Table E. 5. Mass loss determined by gravimetry and calculated by using electrochemical data, beam E. 
Mass loss (g) E1 E2 E3 E4 
Potentiosatic LPR 0.09 0.06 0.57 0.5 
GalvaPulse 0.2 0.21 1.1 0.95 
























































































































Figure G. 1. Half-cell potential values of the Victoria Street Bridge deck, Wingham, measured in June 16, 1998; T= 
24oC.  Hatched regions represent the delaminated areas. 
 
 
130 135 140 145 150 155 160 165 170 173
A -190 -190 -210 -200 -210 -160 -210 -210 -200 -210
B -300 -300 -310 -280 -280 -280 -310 -290 -270 -290
C -350 -390 -370 -330 -340 -350 -350 -330 -320 -310
D -370 -450 -390 -350 -390 -350 -370 -370 -480 -430
E -380 -400 -400 -360 -380 -370 -370 -380 -390 -350
F -300 -340 -330 -310 -360 -330 -350 -330 -340 -320
G -430 -500 -440 -410 -470 -470 -450 -450 -410 -480
H -390 -440 -460 -420 -470 -480 -540 -460 -410 -520
I -460 -430 -450 -450 -420 -470 -490 -470 -420 -450
65 70 75 80 85 90 95 100 105 110 115 120 125
A -220 -220 -280 -270 -310 -240 -230 -230 -220 -250 -210 -210 -160
B -350 -340 -320 -350 -360 -340 -310 -330 -340 -260 -350 -350 -330
C -380 -380 -360 -360 -410 -400 -360 -330 -350 -380 380 -400 -390
D -380 -380 -400 -400 -420 -430 -400 -350 -400 -410 -390 -450 -450
E -340 -380 -370 -400 -380 -390 -370 -360 -360 -370 -360 -450 -410
F -340 -320 -300 -320 -330 -300 -330 -300 -330 -300 -310 -310 -340
G -260 -340 -350 -360 -330 -360 -400 -390 -340 -260 -330 -300 -330
H -320 -400 -440 -420 -370 -350 -390 -390 -360 -330 350 -410 -380
I -380 -450 -440 450 -400 -420 -440 -410 -400 -350 -380 -510 -410
0 5 10 15 20 25 30 35 40 45 50 55 60
A -270 -240 -270 -290 -300 -290 -260 -270 -250 -280 -250 -280 -270
B -370 -380 -400 -520 -390 -360 -340 -350 -370 -360 -400 -370 -340
C -410 -420 -400 -430 -400 -390 -360 -370 -420 -440 -490 -460 -390
D -370 -400 -380 -370 -390 -410 -380 -400 -440 -470 -460 -420 -400
E -350 -360 -370 -350 -370 -390 -390 -400 -440 -420 -420 -400 -370
F -360 -340 -340 -320 -340 -340 -350 -350 -310 -320 -340 -310 -320
G -360 -380 -370 -400 -310 -320 -310 -300 -320 -330 -360 -240 -220
H -420 -430 -470 -460 -530 -500 -330 -370 -330 -370 -380 -350 -340
















Figure G. 2. Half-cell potential values of the Victoria Street Bridge deck, Wingham, measured in Nov 24, 2004; T= 
5oC 
 
65 70 75 80 85
A -220 -230 -250 -230 -190
B -320 -340 -340 -320 -350
C -380 -370 -390 -400 -350
0 5 10 15 20 25 30 35 40 45 50 55 60
A -290 -230 -270 -350 -300 -260 -250 -260 -240 -270 -240 -280 -260
B -400 -350 -360 -410 -370 -350 -340 -320 -360 -350 -380 -330 -330
C -410 -400 -340 -410 -410 -420 -380 -370 -400 -430 -490 -380 -390
